ARR No. 4J06 




NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



WARTIME REPORT 



ORIGINALLY ISSUED 

November 1944 as 
Advance Restricted Report 4J06 

A STUDY OF PISTON AND RTNG FRICTION 

By W. A. Leary and J. U. Jovellanos 
Massachusetts Institute of Technology 



NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but aire now unclassified. Some of these reports were not tech- 
nically edited. All have been reproduced without change in order to expedite general distribution. 




WASHINGTON 



W-47 



t 



1 



HA.TIOSAL ADVISORY COMMITTEE 70R AEROKAUTICS 



ADVAITCE liESTEICTEL- RUPORT 



A STUPY 05^ PIoTOil .^TT RING FHICTIOIT 
Bjr.Wo At LoRvy and. Je Uo Jovollanos 



The apparatus used in this invev^tigation permits the isola- 
tion of piston and ring friction from total engine friction under 
actual operating conditioi-3# Friction work has "been measured 
for various piston ring co.noinations and cylinder surfaces© The 
effect of scuffing and excess cylinc^ei^v/all luhrication on pis^ 
ton eind ring friction is reported, ciid a careful analysis of the 
changes in friction v/ork during the niri?«in period is presented^ 
A nevr techr.icue for o'Dtainlng photomicrographs of curved sur- 
faces has "been used to mrjTe visi^al coLTparisons of cylinder'-v/all 
roughness© A device for measuring diametral ring tensions and 
an appara.tus for transfcrmin,'-!: prossiire^crank angle indicator dia- 
grams into pressure- volume indicator diagrams are descrioed# 



niTRODUOTIOjM 



The v;ork descrihed in this rqocrt is a continuation of the 
v;crk of Jcrhes and Tp.\^lor (reference l), vho "built fin apparatus 
and devised a mothcd for ic^olating piston and ring friction from 
other forms of engine frictiono 

The wor'c reported in reference 1 consisted mainly of the 
development of a rcascnahly satisfactory apparatus, tut produced 
only pre,'] I:::inar7/- results 5u uhe \-r.y of frict-.on d-iiiao The rnater^ 
ial pi^Cocntei herewith descrites further imp-^ovemont of the ap- 
paratus and the ros^jj.t?:- Vl test runs on a nuinber of different 
piston and ring comhinatioriUo 

In addition to the work descrihed herein and in reference 1, 
the V'Ork of Tischhein (reference 2) in G-erm-^iiy, and Eav/kes and 
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B^.rdy (reference 3), in England, mav Tdo mentioned^ The appar.-t\is 
used "by Tischtein v/as similar to thc.t to oe descriliod in this 
report, insofc^r as the frictional drag of the piston rings vras 
measured the deflection of a flerdlDly mounted cylinder^ lj\it 
differed "by having a cross head which allowed the piston to move 
without touching the cylinder mils and therohy permitted the 
measurement of ring friction only© The apparatus of Ha,w]ces and 
Kardy was also in the sai:io catogor;:/, except that the piston vr.s 
flexitly mounted and the cylinder sleeve wp.s caused to oscillate* 
Although Hawkcs tmd Hardy did not employ a cross head, they state 
thp.t the clearance "between the piston and sleeve was such that 
values of friction measured v/ithout the rings were negligihlca 
Essentially then, this apparatus also measured ring friction only# 

However, those apparatus were sulta-hle only for measuring 
piston ring friction under nonfiring conditionso As far as the 
authors have "been a'ble to ascertain, the apparatus descrihcd 
herein ic the only one vMch permits piston and ring friction to 
he measured in an actual engine under firing conditionso 

This investigation, conductec- at the Massachusetts Insti- 
tute of Technology, vras sponsored oy and conducted with the fi- 
n.?jicial assistance of the National Advisory Committee for 
Aeronautic s# 

The authors are indebted to Mr* John Markell, who contrih- 
utod substantially to the im-provement of the apparatus; to 
Professors Eo S© Taylor -aid C© Taylor, whose advice and crit- 
icism v;ere frequently solicited, and to the members of a special 
paiiel representing the aircraft industry and the KACAo 

OBJECT OE TUSTS 

The object of the tests reported herewith ^.^s tv/ofold, 
namelys 

1» To determine the effect of piston- ring "scuffing" on 
the piston-friction vors'i\s time diagraiTi# 

2o To stud:/ the piston-friction versus time diagrnjn, 
particularly during the ra:i:-in period, for the 
follov/ing combinations: 



Piston types 

Alumin'OJne automotive, and aircraft tj^.^pes 
Cylinder s3 eeve material 

Steel, SilE klkO 
Piston rings 

Automc1?iTe and ?ar craft types 

Straight and tapered face 

High and low tension 



APPAHITUS 



The engine used by Forbes and Taylor is fully described 
in reference 1, but for convenience a brief description vdll 
bo given here© Tv/o sectional views of the engine are showi in 
figure 1© 

The engine consisted of a standard OJR crankcase on which 
a special cylinder and cylinder head v/ere mounted. The bore of 
the engine was 3l* inches^ the stroke inches, and the com- 
pression ratio 5«05o A shorter connectipig rod, 8 inches long, 
was substituted for the standard 10-i:.ch CPR connecting rod» 

. The cylinder sleeve (l) v;as held in position by t\'70 smnular 
steel diaphi\agms (2)., clamped to the outer cylinder by moans of 
the cylinder head (5) at the upper end and the steel plate (U) 
at the lov;cr endp 

The cylinder head closed the conbustion chamber by means 
of a piston-shaped section which fitted closely, but did not 
touch, the c^rlindcr sleovoe A series of grooves machined in 
this section formed a labyrinth seal (6) which reduced the leak- 
age of gases from the cylindcro TMs cylinder head v/ill be re- 
ferred to in t!iis report as "nOp 1 c^dinder head"* 

Tv70 spark plug wells (7) and a well containing an optical 
lever (2) v;ero sealed off from the jacket cooling water by means 



of flcxiMc neoprene seals (9)0 LerV:--ofi holes (lO) drilled in 
the side of the cylinder head into the space (12) ahovc the aicv- 
phra£:,ri took care of gas and oil Icalcage throtigh the lahyrinth 
and assured atmospheric presr:uro on the uipper diapliragmo 

G-as lenl^p^c vras minimi zed oy pvxTping oil into the l?;o:,n:inth 
t:'irou£:h a duct (ll) leading tliror^h the top of the cylinder heado 
The oil then passed out the leak-off holes and to the oil rc.se?>- 
voir, eiccopt for a srnpll aiaount i^iich leaked into the cor.ihustion 
cliajntero The oil \ii?.s supplied to the head at ahout 50 pounds 
TDcr square inch pressure, and v/as of the srjne ty^o as the oil 
used in the cra.nkcasco 

A ■bo?xi of lio-^5 tln-ovm on the mirror (3), vr:*.3 reflected 
onto a photograp^iic film whdch moved at right anj^;les to the 
loiston notion* Thus, as the slcc vc mv.s pulled up and dovrn on 
"the ile::ihle diaiphragms by the friction force of the moving 
pi?; ton, a wave form v/as i:nprcsscd on the film* The vnve form 
providcv". a neans of det orminini?; pi^^ton friction under actu:?.l 
operating conditions© 

The clearance "between the cylinder head and the sleeve 
v;as snail enough (not more than OoOOl inch on the radius) to 
prevent any significant loss of pressure in the cylinder* It 
V7as very difficult to center the cylinder head in the sleeve 
v/ith this degree of accuracy, and considerable time v:as involved 
in securing the proper alin omenta vvith no* 1 cylinder head it 
v/as alv/ays necessary to m,?Jcc a check run to determine whether 
or not the head was toucMng the sloevco VJlicn contact existed, 
sticking occurred, and the friction records were not reliable.- 

In an attempt to eliminate or at least diminish sticking, 
in the case cf actual contactj Jorbes and Taylor tried lead- 
plating the cylinder head© This procedure also allovred coi>* 
sidcrablc control over the clearance© But the results only 
tended to confirm the inT)ression that if there was vxiy contact 
whatever betv;ecn sleeve rnd cylinder head, the results vxere 
unreliable© 

As a further precaution against sleevo-sticking, the cyl- 
inder head was kept at low temperature^ in order to minimize 
thermal c^qoansion, by circulating trap i.^atcr through the head 
independently of the cylinder cooling .system© 



UACA ARE No# hJOS 



5 



Noo 1 cylinder he^cl was used in the prosont test pro- 
f^rar.i to dotcrninc the effect of ring scniffing on piston fric- 
tion, but at the cor.plction of thoti-e runs it was decided to 
rcdcsicn the head in order to ovcrcO'.ie its shortconingso 

The difficulty encccintercd in centering the head with the 
sleeve was elininatcd "by constructing a now head ernLodying a 
set of junk rings (see tigs© 2 rJid 3)0 ^his head will he re- 
ferred to hereafter as "cylinder hea.d no© 2"© The asse.ahly 
consisted of four continuoxis (unsplit) rings. A, held in place 
"by four sijaccrs, B, G, D, the bottom spacer B serving also 
as a ring nut for holding the assonbly in placoo Both rings 
and spa.cers were r.iade from nild steel* The junk rings vrere 
machined to fit the sleeve with the s.^jiie radia.1 clearance as 
the original head, that iSj not more than 0^001 inchj but were 
free to novo radially in the spacers a distance of about O^Ol^l- 
incho This frecdcr.i of radi?-l movement allowed the juiilc rings 
to center themselves in the sleeve regardless of any nisaJine- 
ment between head and sleevoo The radial clearance between 
sppxer rings and sleeve was O0OO5 inch, which was also more 
th_an siifficient to alloi/ for any miscalinenent betv/een head 
and sleeve (see fig« 3)« 

The spacer ring C was grooved circunf erentially inside 
and out, and drilled with eight r-adial holcso Those grooves 
and holes allov/ed the passage of an oil stream \^^hich fed 
into the head throiigh a dvict si.-ular to that shown at (ll) 
in fig^j.re I9 The oil was suj^plicd at the rate of about Uo 
drops per minute by means of a .Bosch fuel-injection 'pvj?:p, ro- 
tated at slow speed by an electric motor. The oil provided 
a film which helped to close the clearance space between 
the rings and slocvo, thereby reducing gas pressure leakage 
as \7ell as providi^ig lubrication* 

The oil supply to this ncv7 head v/as critical, and only 
after considera^ble experimentation v;as the correct oil flow 
detcrminedo l^ion the oil flov; T'/as too large, soot and gum 
formed on the junk ringr- and in the combustion chambers, and 
whe:! the oil flov; v/as too small, a large volume of combustion 
products le?J:ed by, covering the jurJc rings v.dth carbon.> In 
either case unsatisfactory operation resulted© Aside from 
soot and formation in the combustion chamber, an ercess 
of head oil had the additional disadvantage of changing t!ic 
cliaract eristics of the oil film on the cyli:ider v;alls* In 
some of the earlier runs, made under conditions of excess 
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head oil feed, an increasG in the cr?.nlccase oil level ms 
observed after ranning^ showiin^ t]iat some of the head oil 
had worked its way xDast the piston and dov/n the cylinder 
\>re.lls to the cranltrcasco These nms wore later repeated iie- 
ir.^^- the correct oil feed© 

Measiirenonts made on the quantity of oil in the head- 
oil supply tank heforc starting a run and after a run, cor.v- 
pared with the hcad-oil leak-off rnd crojikcase contents "before 
and after the ran, showed that v;hon the head-oil flov/ was 
correctly adjusted, no neasurahle quantity of oil nadc its 
wry past the -oiston to the crrjilccaso, although a snail ^-nount 
was either "burned or blown out with the cxha.ustc Therefore, 
it is believed that the normal fil:u lubrication characteris- 
tics betwev^n piston and cylinder sleeve were not upset by tr_e 
head-oil supply© Additional data to support this belief is 
presented latere 

After the correct tisage of this new head and oil system 
liad been detcrnincd, excellent performance was rcalizodo 

In the original apparatus of reference Ip a filn^ speed 
of 25 inches per second was used* This meant that, with a 
reel-capacity of 100 feet of filn, continuous records could 
be taken over a period of seconds onlyo In order to malce 
it possible to take continuous records over extended periods 
of tine (up to 1 hour with 100 ft of film), a slow-speed film 
drive (0o295 in* per seco) was added, 3y this means it was 
hoped that any change in friction clirract eristics could^be 
correlated v;ith opcratinc conditions by comparing the time 
sequence of the events on the record with the sequence of 
events entered in the log book, 

A short length of a continuoi^F slow-speed record is 
shovm in figure 

It should be noted that the slov.^speed records show 
only the maximum a-plitudo of the friction cycle* This means 
that these records were useful in showing when a change in 
the friction cycle took place, but that this change v.ras^not 
necessarily indicative of a change in the work of friction. 
Thus pjp. increase in the amplitude of the record might be ^ due 
siriply to a more pronounced excitation of the sleeve at its 
natural frequency" rather th.an to any increaoc in friction work. 
This increased amplitude could, of course, be asioociatod with 
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Pint-; scuff iriG ^7 coriparinc record, rings and lo;^- book after 
tiiQ ran© 

It w^.s considered desirable, when talcing' such lonQ slow 
speed records of run-in conditions, to liave occasional short 
hi£^h-spe.3d "shots ^' for the purpose of conputin^:: friction worka 
Accordingly, the drive systen for the caT'Ora was inproved to 
a.llow for talcing high- or loi;-speed records at v/illo 

The slov.^spced notor wp.s corjacctcd to tho c.ai.icra drive 
by neans of a chain aiad sprockoto The sprocket v/as trJcen fron 
a bicycle hub and contained a ratchet and pav/1 systerij the 
pawls being connected to the sprocket and t?ie hub forning the 
ratchet drim© Tho ratchet drur.i v/as connected to the cai-iera 
driven 

During slo\?--speed opcratioz^, the pa^^'ls engaged the ratchet 
drun and rotated the cajnera, drive Elo;;ly# The high-speed cpjn- 
era notor v/as corjiected throu.£h a friction clutch directly to 
the ratchet drun, ?jid when tho clutch v/as engaged the ratchet 
drir.i overrode the pawls ajid turned the can era drive at high 
speedo The friction clutch on the hJlghr-speod drive Wcas en- 
gaged by iie-^iis of a solenoid operated by a switch on the con- 
trol board* 

The position of top center vjas registered on the high- 
speed records by neans of a neon flash bulb located behind a 
slit in t2:.e c?nora. bo:: and operated by a sot of brcalcer points 
on the cansliaft. These brepJcer points closed the Ipiip circuit 
at apprcxinately top center^ at t'lc beginning of the power 
stroke every cycle and irrpresscd a vertical line on the filn. 
Since top center narks were desirVolc only v/hen taking high- 
speed records, the lanp circuit vn?.s placed in series v/ith the 
switch v/hich operated the solenoid on the Iiigh-specd c?jiera» 

One disadvtantage of the recording systc:.i v/as tha,t it Wcas 
alv/ays necessary to develop the fil-.! before an event could be 
recognized© In order to overcone this h^andicap a device for 
providing a continuous visual record of the friction- tine cy- 
cle was added to the cnginoo This device consisted of exi 
elcctro-nagnetic ty^^e ph.onograioh piclcupj nounted rigidly on 
the side of the cylinder* The p?ionogra.ph needle was conr'ccted 

•^For a description of the i.iethod of locating top center 
exactly, see "Discussion"© 
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"by means of a thin strip of steel to a "blind plu^^ screwed in 
the spare spark plu-g hole (see fic^ l)o Oscillations of the 
cylinder sleeve iiirparted a motion to the phonogro.ph needle, and 
the output \7as fed through an integrating circuit and pre-anTpli-» 
ficr to a cathode-ray oscillograph where the v/ave form could 
be continuously ohserved© A certain r.rnount of extraneoiis mech- 
anical vihration v;as talren up by the pickup unitg and an elec- 
trical disturbance was observed at the occurrence of spark, but 
with a little experience it was an easy matter to correlate this 
somewhat distorted v^.ve form with the true wave form recorded 
by the optical system,* Another valuable feature of the visual 
system wn.s that it gave an instantaneous indication as to v/heth- 
er or not the apparatus v/as working satisfactorily. Lacking 
this information, a v/hole run might be wasted. Also the visual 
system was of assistance in determining the correct oil supply 
for the new head© 

As experience v;as gained with the visual system and a 
"feel" was acquired, the need for the 100-foot 3lov^-speed 
records v/as practically elimiria,tecl# nevertheless, the sIovh 
speed records wore continued for the duration of these testj:^ 

Another addition made to the original apparatus was a 
gas meter v/hich v;as connected to the cranlccase breather pipe 
in order to measure blovr-byo Precautions v;ere taken to make 
the crankcase otherv/ise airti^^ht^ A 50-gallon surge tank was 
inserted in the line botv/een the crankcase breather and the 
gas metero 

In preliminary work with the friction apparatus, it v;as 
noted that the zero, or equilibrium, position of the light 
spot on the film v;as not fixed but varied somewhat with oper- 
ating conditionso It was suspected that this variation might 
be caused by air or steam bubbles forming in the annular 
groove in the upper diav.hragm, thus preventing uxiiforn con- 
tact of the cooling water with all parts of the diaphragm 
surfacco In order to offset any such tendency, tv;o small 
diametrically opposite holes v;ero drilled into the side of 
the diaphragm -/ith their axes on the spme level as the top 
of the diaphragm groove© The holes were connected by means 
of neoprene and glass tubing to the header tpnk in the cool- 
ing system. Although occasional btibblos were observed flov^- 
ing through the tubes vrhen the engine was firing, no marked 
decrease in the variation of zero position was noticed© 
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PEOCEIURE 
Scuffing Tests 

The ccrnoination used in the scuffing: tests was a cylin- 
der sleeve made from SAS hlko steol (designated as "sle^.;ve no» 
1^0 f an aluminum piston (designated as ^'piston no# 2'Of ^nd 
automotive- type cast-iron ]piston rings (see fig. 3) • ^^^^ pis-» 
ton rings v/ere supplied "jy the Perfect Circle Company and con- 
sisted of standard stock sizes* The ring vSpccif ications v/ere 
as follows s 



Groove ilo© Manufacturer's designation 



1 




200, 


3t" 


X 




2 


HOo 


70, 




X 


^" 


3 




70. 


3i-' 


X 


i-" 


k 




S5. 


3i" 


X 


^ If 

16 


5 


llo. 


S5, 


3-i" 


X 





In order to simplify the procedure, preliminary tests to 
determine how to create scuffing v;ore made with the engine "mo- 
toring", cylinder head removed© A promisinv;^ \ny to accomplish 
this soem.ed to he to dilute the lubricpjit on the cylinder walls 
hy introducing' kerosene into the cylindere To this end kerosene 
I'TP.s squirted on the cylinder walls virile motoring the engine* 
The attempt failed, however^ It v/p.s then decided to vise cth;^''l- 
ene glycol in the same manner, since it is known that ring 
scujffing results in service cnginer. v/hen this coolant lealcs 
into the cylinders ^ But this alternative proved no more suc- 
cessful tha.n the preceding one» 

It has also "been noticed in this laboratory tlia^t severe 
detonation in air-cooled cylinders at high mean- effective 
pressures (a.hove 2D0 l"b per sq in©) is a contributing cause 
of ring scuffing; accordingly the cylinder head v/as replaced, 



•^Piston grooves are numbered from top to bottom* 
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the crxginc fired, and severe detonation induced over short perijds 
"b^" moans of ethyl nitrite mixed v/ith the inlet air; "but no scuffing 
v;as producedo The engine v/as then caused to detonate sever elv for 
aloout an hour "by using kerosene as fuel, "but without effect^ xoroh- 
a.Dly oecause the mean effective prcssiv^e of the engine (20 To per 
sq. ino) was too lov/;> 

The cylinder sleeve v/as then removed, thoroughly cleaned, and 
placed in a mter spray for hours for the purpose of roughening 
the surface "by rusting© The rust did not form uniformly on the sur- 
fo.cc, hut vjas characterized hy long strcaJ-is of a soft^ powdery con- 
sistency© IVhcn these streaks were ruVocd off, innumerable smo21 
pits were found underneatho The r jug>.ened sleeve was replaced ruid 
the engine fired at 1800 rpm for 2 hours, "but with negative results 
as to scuff ingo 

finally the engine was fired v/hilc a liberal qu^antity of ethyl- 
one glycol was introduced into the inlet pipe© This rjroceduro pro- 
duced the dosired result^ and the record obtained (see figo 13(i)) 
shov/ed that the apparatus vies inde::>d sensitive to scuffing© (Com- 
pare with record for operation under the spine conditions, but v/ith- 
out ethylene glycol, figo 13(h) o) The operating conditions for the 
scuffing runs arc summa.rized in table lo 

Eim-In Tests 

The remainder of the expcriniontal progrrjn was devoted to a 
study of the friction oliaracteri sties of Vf^rious combinations of 
aircraf t-tT-'pe piston rings under a fixed set of operating condi- 
tions© The piston rings v/erc made especially for these tests by 
the Perfect Circle Compa^nyo 

The ring combinations selected \rcre: 

High tension^ straig'^t face, com- 
pression rings (sec fig» S) 

Lo\7 tension, straig:it face, com- 
pression rings (see fig;> 7) 

High tension, tapered face, con:- 
pression rings (see fig© 0) 

Low tension, tapered face, com- 
pression rings (see fig© 9) 



The sarae type 
of scr'\per 
rings was 
used in all 
these tests 
(see fig© 10) 
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All piston rinris were factory lapped cither to full or lino con- 
tact, dopencling on v;hether thoy wore straigh.t faced or tapered^ 

A now cylinder sleeve machined frora SAE klkO steel (desig- 
nated hereafter as "sleeve noc 2") and m aliainin™ alloy piston 
(desi(j:;nated hereafter as ^'piston no» U") were used in these runso 

The piston (see fig. ll) was siiailar to the one used in the 
scuffing tests, having foiir ring-^^'roovcs aoovo the wrist pin and 
one groove hclow the pin at the "bottom of the piston^ The spac- 
ing and v.ddth of the grooves difforocl from those of the piston 
used in tlie scuffing tests^ however^ A compression ring x^as place 
in each of the upper three grooves, and scrapjr rings v/ere placed 
in the lower two grooves^ This arrangement corresponds to current 
aircraft practice* This piston was a modified v^r&ion of a design 
developed by the Ethyl G-asolino Coi-Tporation Research Laooratories, 
who vdllingly supplied the drat-dngs and castingso Tlie machining 
of the piston i^ras done by the Perfect Circle Com-panyo 

The rings v;ere of cast iron of -j-nifcrm composition consist- 
ing of: 



Total car 0 on 

Silicon 

Sulphur 

Phosphorous 

Manganese 

Molybdenum 

Chromium 

Copper 

Hardness, Rockvzell D 



3^^50-3ooO percent 
2|>.20-3©1C) percent 
On 10 maiCo percent 
Ool^-OcUo percent 
Oo^^6-0.>SO percent 
Oo 50-0 ©70 percent 
O^PO'-O.^^IO percent 
0*50-0«75 (according to 
section) 

Uo ^ 50 



The ring tensions, that is, diametral tensions, wore meas- 
ured by means of an inst:.n.imcnt especially constructed for this 
purposco This instrument is shov/n in figu.ro 12, and is described 
in appendix A* By diametral tension is meant that force which 
when applied across the diameter of the ring at rig?it angles to 
the gap v/ill be just sufficient to close the gap to that clear- 
o.nce v/hich exists when the ring is in the cylinder, cold. 

Measurements of ring tensions and gap cleara?ices, as well 
as groove clearances, v:ere made before and after each run, but 
changes in the latter vrere too small to be significant during 
the rela.tively short running periods of these tosts# 
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The lubricating oil used in d11 runs of this group wxs Sill- 20 
(Texaco, aircraft typo) obtained froM a single barrel which was kept 
tightly sealed at all times when not in use. The oil barrel was 
mounted on trunnions and agitated thoroughly before oil was taken 
from it« 

Each run wr.s divided into tv;o prrts, designated A and Part 
A consisted of a run of about 1 hour duration during which a con** 
tinuous 100-foot record Wc>.s taken at slov/ film speed (v/ith occasional 
1-dgh-specd shots). This part covered the first phase of the run-in 
period. 

Before starting each 1-hour run, the cylinder sleeve v;as lapped 
50 strokes (25 cycles) with turning motion. An old aluminum piston 
and cast iron rings, smeared \Ath no# 600 lapping compound, v/ere 
used for this purpose. The reason for the lapping was to insure 
tiiat each run v/ould be started v/ith the cylinder sleeve surface as 
nearly as possible the sojne in every case. After lapping, t]:e cyl-- 
inder was thoroughly cleaned by flushing with "Varsol", and a survey 
of the surface rough^ness wp.s me.de v/ith a profilometer. In making 
this survey/ the tracer v/as moved along the surface longitudinally 
only, that is, in the direction of piston motion. A lacquer speci- 
men of the cylinder surface was then procured by painting a small 
area of the surface with "Protectol" no# 2S brushing lacquer. Tliis 
lacquer is quick drying and branfTT;arcnt, and can be readily peeled 
off the surface in one sheet when d:.y« The side of the lacquer 
siioet in contact v;ith the surface carried a presumably true impres^i* 
sion of the surface, and thus afforded a ready means of obtaining 
photographic records of the cylinder surfcace. All photographs of 
cylinder surface were made from these replicas. This techjiique 
was suggested by the Fuels and Lubricrjits Division of the Aircraft 
Engine Research Laboratory of the ITACA. 

The crankcase was then drained, call oil lines disconnected 
and blown out with an air hose, oil pumj^ and filter cleaned, ruid 
the system flushed thoroughly v;ith kerosene. A small amount of 
fresh oil v/as then circulated through the system and drained off, 
after which the system vas filled with the requisite amount of new 
oil. 

The engine v;as then assomblud and a l-hour ran made. The 
fixed operating coxiditions v/ere: 



Engine speed 
F\i el-air ratio 
Spark advance 



1200 rpm 
best power 
30^ 
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Manifold pressure atnosphcric 

Oil temperature ISOO 7 

Jacket v/atcr tcnperature ISO^ F 

Cylinder head teinporattire bJ^^-^JJ^ P 

Inlet nixturc tcurperature 1S5*^ 

Oil pressure hh l"b per sq. in© 

Lu"bricatinc oil SAE 20 (aircraft grade) 

After part A the piston and cylinder were ronoved and mcas- 
urcLaents talcen© The ring surfacejii were exanincd under a. micro-'- 
scope for evidences of wear or scuff inf;;© ?he surface of the cylinder 
sleeve was surveyed for changes in rou^iincss cy ncans of the pro-' 
filometerj a lacquer specimen and photomicrograph taken, cranlccasc 
oil sampled, and the engine reasscmlDlcd vath the same rings and 
witliout lappiuy^ the surfacco The lul^ricating oil vns not changed* 

The engine w-s then run continuously for 10 hours (pt, S) 
under the same operating conditions as used in part A, and oc- 
casional s-iort records at high film speed were takcno 

At tiae end of the 10-hour run the cylinder and piston rings 
were again inspected and moasm" cmonts, similar to those made «aftcr 
the 1-hour run, were recorded© 

This procedure was followed for each of the four comhinations 
of rings listed "beforeo Condensed data on the runs are given in 
tahles 2 to 5« A siimmary of the run-in test progra^m follovrs^ 

Eoforu starting' r-gn^-in te sts 

T^^pical surface of unused piston rings photographed, and sur- 
face roughness moasuTcd with a X)rof ilomcter, in the cir- 
cumferential direction 

Luhri eating oil sampled 

Prior to each irn 

Oil system fluslicd and refilled ivith fresh oil (prior to l->jr 
runs only) 

Cylinder lapped (prior to 1-hr iTins only) 
Cylinder cleaned vjith Yarsol 

Lacquer specimen of cylinder surface o'btainod and photomicro- 

gr?«phed 
Measurements: 

Cylinder surface finish (profilometer) 
Piston ring tension - all rings 

Piston ring clearance in each groove (feeler gage) 
Piston ring G?.p in standp.rd gage 
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During runs 

J.1 usual readings takcno 

Cciitinuous filn and/ or occasional liigli filn-speed cycles talceni 
Pcriorrianco checked with cathodo-ray oscillograph 
Blow-tiy ucasuredo 

Tost conditions 

Engine speed 1200 rpn 

!Fuel-air ratio "best power 

Sioark advance 3^^^ 

Manifold pressure atnospheric 

Oil tenperature loO^ P 

Jacket w??-tcr temperature ISO^ 5" 

Cylinder head tcnperature 67^-77^ ^ 

Inlet ni::ture tcnperature 1S5^ ^ 

Oil pressure -rU lb per sq^in© 

Duration 1 to 10 hours 

After each run 

Lacquer specincn of cylinder surface obtained and microphoto- 

graphodo 
CrarJccaso oil sr^r-ipled 
MeavSurenents? 

Cylinder surface finish (prof ilonotcr) 

Piston ring tension - all rings 

Piston ring cleara:ice in each groove (feeler gage) 
Piston ring gap in standard gage 

PprOf^^oirif^ loroccduro follov/cd on aircraf t-t^/pc ipistcn rin^^o for t\;o 
ox tr on OS 

High tension, straight face, 

cast iron rings runs I3A and 133 

Lov; tension, straight face, 

cast iron rings rv.ns l'4A ajid IUB 

High tezision, tapered face, 

cast iron rings runs I5A and I5S 

Lov/ tension, tapered face, 

cast iron rings - nsx^-? 16A and l63 

After coj:r->lotio]^ of run-in tests 

^lyicp.l surface of used piston rings photographed and surface 
rouglmcss neasurod with a prof ilonot er • 
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Discussion 
Interpretation of ?riction Records 



For the purpose of illustration, consider the friction record 
shown in fi£,aire lk(e.)o This trace rcrlly represents a record of 
cylinder*- sleeve displaceuont versus time* Three consecutive engine 
cycles (12 strokes) are shov/n in this rccordo The order of events j 
is fron left to rit2;ht and the h strokes in the first cycle (nar.iely, 
pov/erp exhaust J suction, and conpjrcsr>ion) are indica^ted "by the let- 
tors E, Sj and C, respectivelyo The duration of each stroke is 
indicated "by the vertical lines dra\>rn across the trace* These lines 
were drav/n on the records vrith inlz after developing then and the 
spacing v/as deternined hy dividiii^' the tir.ie duration of 1 en^jine 
cycle into U equa.1 parts© The first vortical line, farthest to the 
left at the "bet^lnninii:-; of the power stroke,, represents true top cen- 
ter and wr.s dravrn in with ink© The exact location of this line wa.s 
deternined fron the second vertical line (the long one) which was 
inpressed on the filn "by the neon flash hulb in the ca-'iera^ Although 
this neo2i "bulh v;as Dade to flash e::actly when the piston reached top 
center at the "beginning of the power stroke, it did not necessPvrily 
indicate the true position of top center on the filn trace "because 
the inage of the light spot reflected fron the oscillating nirror on 
the cylinder sleeve ^;as often displa.ccd slightly to the right or the 
left of the axis of the cajnora leiiv^i? Since it was sonewlxat of a nui- 
sance to adjust the optical syston to ovorcone this spot displaccnent 
every tir.ie the engine v/as taken apr.rt and reasser.ioled - which v/as 
often the displaccnent or "top center error" vns allov/ed to persist 
and a photographic check v/as nado to deter: line its nagnitude* This 
\\^s done for each record oy talcing an inage of the light spot and then 
flashing the neon "bulb v/hile ?iolding t"\o fil:;i stationaryo These chock 
inages are not shov/n in the fi£;ure?ie The top center error varied 
slightly after ea-ch engine overhaul© 

The records shov;n in this report, v/ith one or two exceptions, 
ha-ve all "been ncro or less traced for the purpose of reproduction^ 
The pu'blishod records, therefore, oxiiihit a roughness which was non- 
existent in the original 'Negatives rjid. nest of the fine detail has 
"been lost. The tracing v/as necessary hecaAise the "brightness of the 
reflected light Dean v/as very often dininished "by condensate forning 
on the inside of the lens in t::e nirror well (S) (figo l) o TMs v/as 
due to snaJl anounts of v/a-ter vapor leaking past the ncopreno sc-^I 
(9)0 Although this seal was satisfactory as far as actual water leak- 
a«ge v/as concerned, it was diffic^ilt to prevent ninute quantities of 
vapor fron seeping through* 
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It will be noticed that at the heginnins of each ntroko, the 
trace rises or falls abraotly© A riGin{; of the trace indicates 
tlia.t the sleeve is novirij^^ iipvr.rd and vice versao 

The greatest deflection of the tr-^.ce occurs at the teginninc^- 
of the pov/or stroke where it v/ill observed tliat the trace falls- 
abmptly, then rises with eq.ual ahniptnesSj then falls again, and 
finally rises slov/ly for the remainder of the stroke. Although thJ.s 
fluctuation at the "bo£^-innint:; of the stroke actually represents the 
action of the sleeve, it is not representative of the friction force 
actiri^i on the sleeve because the initial excitation has caused the 
sleeve to oscillate at its natural frorrucncyo 

The instantaneous friction for^e acting would be represented by 
a DCcin curve drawn, through those o.^cillat ions^ In this report no a,t- 
tci-vpt was nado to neasure instantaneous friction; all conclusions 
were drawn on the basis of friction v.^ork for the cyclco In coiTouting 
friction work for the cycle, all effects of natural frequency cancel 
out provided the v^ork loop is closed at both endso 

At the begiimini:; of the oxli^aust stroke the sleeve is pushed 
abruptly upwards, but the natural froiiuency is not so proninent© 3y 
conparing this effect with that at the beginning of the power r^trolrc, 
the effect of pressure behind the piston lungs becones ijrjaediatoly 
evident o 

Also at the beginning o.c the suction stroke the sleeve is pulled 
abruptly do\mward, end at the bogiriiiing of the conpression stroke it 
is pushed abruptly upward© The uaf^iiitudc of the displacenent is about 
the sarno in either case and less tlian that of the pov/er p.nd c:-:liaust 
strokes© 

These phenomena arc repeated \jith excellent cyclic rog^alarity 
and hence, in the runs v/hicli follov/, only single cycles arc sh.ov/n# 

Conparif'.on of friction !'ork for Scuffing Euns 

Records of piston friction taken during the scuffing runs arc 
sho\m in figure I3, opera.ting conditions are given in table 1, and 
friction work is sumarized in tabic G# The r.ethod used to conputo 
friction work is given in appendix S« All data presented here nay 
vary frcr.! true values by a na::i:-Tiv.i of percent (see sec© under 
Precision) • 
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Huns 3 and wore nado iindor conditions of norr.al cor.iTDusticn 
?jid sevcro detonation rei^peotivoly. The friction records arc sho^i 
in figures 13(a) and l3(^)o Tno tir.inr; narks for these two runs v:crc 
recorded during' the exhroist strokesj "oiit in ^11 other runs the tin- 
ing narks were recorded durin^; the power strokes^ 

It is evident that p.n a-lt oration in the friction v;ave forj.i ac- 
conpanies the chan^o in conhustione This alteration occtirs at the 
"beG.lnnin£; of the pov/cr stroke^ as would be e:rpected, and is recog- 
nized a.s a nore pronou'iced excitation of the sleeve at its natural 
frequencyo The friction work for these two records is the sane, however^ 

Records for the notorin^i' and lirirg runs (nos© 5 and 6) nade after 
the sleeve Iiad "been freshly austed are shov/n in fi^Turos 13(c) and 13(d) t 
These runs show a considerahlc increase in the friction \70rk over thr^.t 
of runs 3 and Since thcsc; four luns were all.ntido under the s^^xie 
operating conditions (except for inlet tonpc?raturc5 which was about 
ho I higher in the first two r^ons), the increase is apparently due 
to the rusted cylinder surfacoo 

Also, the friction v/ork for the notoring run, no* 5, is less than 
tha.t for the firing run, no* 6, as would be expect ede The ne::t firm- 
ing run^ noe 7, was nade under the s.ar.e conditions as nan noe 63 al- 
though at a later date, and it v/ill be noticed tliat the friction v/ork 
is sonewhat less© This difference is probably due to the fact tliat 
the sleeve, v/hich wr-s freshly rustud in rv.n 6, ::ad been thoroughly 
run->in by the tine run 7 \T;as nade, with a consequent reduction in fric- 
tiono Tlie record for ran 7 is shovm in figure 13(e) 

The saiue conclusion can be drrwn as regards runs 5 and 2, which 
are notoring runs nade under the s u.ie conditions <> Rvon 5 was nade when 
the sleeve had been freslily rusted, and in.in S vjp.s nade at a later date 
v.rhen the slo:;ve I-a.d been sxibjected to several hours ^ rumiingo Thus 
it would be expected tlrjit the friction work would be less in run 3* 
The record for run S is shovm in figure 13(f)e 

Run 9 v/as a contirruation of the notoring run noe S, and ISO cu- 
bic centinetors of et^r^lene glycol was added to the inconing nixture 
in an attenpt to npke the piston rings scuff* The record, taken in** 
ncdiately after the eth^^cne glycol l^ad been adde.\, is sho^-m in figure 
13(g)o There is no narked c?^nge in the wave fern of figure 13(g) 
conpared to that of figure 13(f), and it was accoraingly concluded 
that the rings did not scuff after the addition of the ethylene glycol 
\inder notoring conditionso The friction work for run 9 is slightly 
larger tlian that for run S« 
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The ignition v.^s then turned on inr.iediat©ly after the notcrinc 
run to sec if the cthj/-lene {Jlycol v;iiich liad been prcviousl:' adc'.cd 
v/oiild cause the ring's to scuff under firing conditions. The firc- 
tion work for th.is ran, no» 10, is about the sane as thp.t for the 
firin^; ran, no, 7i i- v/iiich the cylinder wp-11 lubrication v/as uncon- 
taiuino-t edo 

The record obtained dJJ^inj^ ran 10 is shovm in figure 13(li)» 
Kotice that the record for run 7 (sec fi^;* 13(g)) is alr.ost identi- 
cal v;ith that for run 10, except that in run 10 the natur?! freqiiency 
of the sleeve is nore pronouncedo Trorn a coi-iparison of the records, 
it v/as concluded that no scuffing took place during run 10 • 

Figure 13(i) shov/s the record obtained wjiilo 3OO cubic ccnti- 
actors of ethylene glycol vjas added to the inlet air with the 
cniyine firing (run ll)o A radical c:ia:i;^'e in the v/r>.ve fern is 
apparent, and it v/ill bo observed th^at ths trace is no lon/\;er exactly 
periodic. This filn records the result of scuffin/^, >nicn the piston 
rin{;;s were renoved after tMs run, they were fotmd to be scuff cd* 
The friction work for run 11 £,lven in table 6, h'?s tv/o values, a 
and b, corresponding to the work for each of 2 c^^clcs in which 
the v/ave form v;as at variar.cc^ 

It is rather surprising to notice th-a.t the friction work dvjring 
scuffing is not greater than during nor:.;F»J- operation (conpare rui-ts 7f 
10, and 11) • Apparently the friction work v;ith or vathout scmfing 
is about the srxie. 



Conparison of Friction 1/ork for Run-In Tests 

The friction work associated with the various piston ring com- 
binations used in the run-in tests, runs I3 to I6, is given in 
table 7> '-^d the friction records are shovm in figures 1^ to 17« 

Figure l4(a) s^iows the record taken 6 ninutes after the start 
of r'on I3A when the rings (high-tension, straight face) v;ere new# 
The record tal:en 1 hour and 5 ninutes pi'tcr the start of this run 
is shovm at (b)# The displaccnents at the beginning of each stroke 
arc nov/ less pronounced althovigh the pattern of the cycle is sinilar 
to th^t shown at (a)» The friction work h-a.s decreased by about 
ik p<:rccnt« 
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After the corj^letion of nin I3A the cylinder, piston, a:nd 
rincs v/ere re::iovcd and cleaneds ^^-^n rer.ssonlDled, and run I3B 
conr-icncGd^ Tlio record sho\vn at (c) \;as t.al-zen 32 minutes after 
the start of nm 13-B and is. very sinilar to (t) except that the 
natural frequency effects at the bc^lnnini^ of the strolrcs have 
still further dininished. The friction work for this record is 
only ahout 1^ percent less than that of (b)o 

Ten hours after the start of run I3B the friction record 
has been talcen on the appearance shov/n at (d) . A very substan- 
tirJL increase in the naturol frequency oscillation at the ber^in- 
nine of the pov/er stroke l:ias tpken place while such oscillations 
at the boginnine: of the other strokes of the cycle have practicall 
disappeared. This lohcnoncnon is not easy to explain. 

A (-/lance at the friction records for the other rinG combina- 
tions used in the run-in tests (fi^s. 15 to 17) reveals th^at thefje 
records all follow the sane general pattern displayed by the 
records for runs I3A and 13B^ XLso as in the case of runs I3A 
and I3B the naturc^l frequency excitation does not seen to be a 
function of ruQining time. In the record shovm in figure 17(a) 
the natural frequency excitation at the start of the run is 
practically nonexistent, whereas after norc than 10 hours' nuuiing 
it is very nuch in evidence (fie. 17(d)). Apparently the only 
generalization tha,t can be i:;ade ro^^ardin^ this effect is that, 
for any cycle, the effect is srea.test at the becinnins of the 
pov;er stroke. 

The data Qivcn in table 7 show tliat during the run-in 
period: 

(a) Tlie V7ork of friction decreases steadily vath runninc 

tine, the most rapid decrease occurring with high- 
tontion, tai>ered face rings. 

(b) The decrease in friction v^ork \nth running tine is 

not due to a decrease in ring tension, v/hich 
ronains essentially constr^jit. 

(c) In the case of straight- face rings, friction work is 

no greater for high-tension than for lov^tension 
rings • 

(d) In the case of tapered-face rings, friction work is 

greater for high-tension t'lan for low^tcnsion 
rings. 
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(g) At tlie end of the run-in period (about 11 hours), 

to.perod-face rinrjs c^vo snaller values of friction 
work thru strnAgh-t-faco rings* 

Reduction in friction after cleaning parts c - It is of 
interest to notice tiiat the friction v/ork at the end of the 1-hour 
run (part A) is always r^oator than the friction work at the "bcjin*- 
ninj of the lO-^hour run (part B) (sec table 7)« It will be rcner.v- 
bered that after the l-.hour run the cylinder, piston and rin^^'s were 
rcnovcd and neasurenents taken on surfaces, ring tensions, .and so 
forth* The eix^ine vns then reassembled \d.th the s-?j:ie rincs, piston, 
and cylinder, and the 10-hour run ccr.iienced. The cylinder surface 
was not lapped between the 1- ard 10-houT runs-'- nor was any other 
chjo.n^e nade e^ccopt to cleon the rin/js, piston, and cylinder before 
reassenblinco 

The cleaning process consisted nerely of flushing the parts 
in unleaded gasoline since they v/cre alvnys in e::cellent condition 
after orJLy an hour or so of runnin:;. 

If the piston rings were inadvertently stretched sufficiently 
to change their dianetral tensions vr.ile renoving or rcplcacing 
then on the piston, then sone cliange in friction v/ork night be 
e:cpected, although this should tend to incroa.se the work* However, 
great care \r.s used in placing v?-nd removing the piston rings, and 
repeated checks nade on specinon rings showed tliat no significant 
change in dianetral tension resulted iron this procedure. More-* 
over, since at least 15 ninutos ms allowed at the beginning of the 
10— hour ran before tailing the first record, and lubricating oil and 
jo-cket v/ater were apprcxirnt oly at the standard values bef^^re start- 
ing the engine, it v.^ould be e:>q3cctod th^.t the oil filn on the cylinder 
walls v;ould be nornrJL. 



^Except in the case of run l^B, Before starting this run the 
cylinder was lapped in order to renove a snail trace of mst wliich 
fomed on the cylinder vnll overnight. The rusting \jas duo to water 
vapor wl'J-ch condensed in the cylinder head Icaic-off passages during 
the preceding run but was in no way serious. The rust night '-'cll 
have been renoved by wiping vdth a cloth, but it v;as considered 
safer to renove it by lapping. After this occurrence the cylinder 
head was al\:?.ys rci.ioved invaodiately after conpleting a run. The 
effect of this lapping, however, does not in any way ncdify tlie 
discussion whJ.ch follov;s. 
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Hence thei-e does not soe:n to "be any olDvious reason wh;.^ this 
consistent reduction in friction vjork occurred after the rin^s, 
piston, and cylinder had "been rcnoved and cleaned. 

E ffect of excess cylind er l ubrication on friction work . - 
In the first t\;o runs nade in this scries an excess of oil was 
sux^plicd to the rin^i; assornl)ly on the cylinder head, and sone of 
this oil vjorked its \vay past the piston to the crankcasc. Al- 
though these runs were rejected when this v^^as discovered, it 
v/as later decided to coiiputc tl:e friction v/ork for the runs in 
order to appraise the effect of the excess luorication on tho 
cylinder walls« The runs (sho\^m in fi^;* IS and designated, x 
and y, ta"ble 7) v/ere nade v/ith the sa-.ie ring contination as 
used in runs I3A and I3S (straiglit face, liigh tension), out 
notice that the friction work is nuch less than that for runs 
I3A and I3B. This fact lends weight to the general assunption 
tlip.t the piston and rings operate under conditions of partial 
film luliricati on» Otherwise an excess of lubrication would not 
reduce the friction© 

Also notice tliat in the case of run x (and allowing for 
a percent cyclic variation) the friction work does not cl\ange 
significantly v.dth tine, v/hile in the case of run y a definite 
increase nay "be recognized. In run x a constant hcad-oil flow 
of 13 cuhic centincters per ninuto v/as naintained, and this sono 
VaJ-ue was used at the sta^rt of run y, but during the latter run 
the flow was cut down so that when the last record v;as taken, only 
^ cubic centincters per ninute v/cre supplied to the he-ad. This 
reduced flo^; probably broUi^ht tl^e cylinder v;alls closer to the 
nornal condition of lubrication with a resulting increas in fric- 
tion work. 

These results further cc2ifiri.i the assur.rption that luidcr nornal 
conditions the piston a,nd rir^'js operate in tho partial filn regiont 

It nay also bo observed, as in the case of all tho other runs 
in tliis group, t2iat after the rings, piston and sleeve v/erc rcnoved 
ezidi cleaned, there v;as a reduction in the friction V70rk# 

Ring tensions . - Ring tensions of piston rings, used in the 
run-in tests, rieasured before and ri'ter the runs, are given in 
tables 2 to 5<> ^--c changes in ring tci'isions v/crc not great, but 
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rn c?.ctual increase in ring tensions with running' tine was obsGrvcd 
in nany cases* In other cases a srvr?J.l d(;crcasc in tension v;as 
olDsorvod with tine* There does not appear to be a correlation 
betv/eon the ty;pe of ring and the chan;:;e in tension. The chanti'o 
ves probably due nostly to the effect of cylinder tenperature on 
internal stresses in the rin^;^' rather than to any effects of wear - 
at least for the short ronning periods here considered. 

Oap clearanccs o - Ga.p clearances showed an increase mth 
mnniiir tine in ??-ll cases* 

The change in gap clearances for all rings W9,s approxinately 
the sanie during the 1-hour run as during the 10-hour run showing 
that the apparent rate of wear v/as approrinat ^.-ly ten tines as 
great during the first hour of r->unning» High and lov; tension, 
straight and tapered face rings all showed about the sane increase 
with running tiric, but the beveled scraipers showed considerably 
greater increases. 

31o.T^-by ^ - In tlie case of straight face rings, blov.^by v/as 
groatcr- for lo\j tension rings than for "ligh tension rings during 
the first hour of ru-ming. 

In the case of tapered face rings, this trend v/as reversed 
during the first hour of n.u:.ning. 

Also during this period the strpight face rings gave greater 
values of blov?-by than the tapered face rings. 

These deductions nay not be general because there was con- 
siderp.blo scatter of the plotted values of blow-by, pjid the 1-hour 
runs allowed tine for the taicing of only two or three neasurcncnts. 

luring each 10-2iour run nany observations of blov^by v/ere 
tri:en (usually ten to twenty), although only a fev/ of these data 
are shown in tables 2 to 5» However, all values of blow-by for 
tlie 10--hour runs a.re plotted in figi.irc I9, where it will be 
observed that the scatter is large and the trends erratic. 

It does not seen advisable to drav/ conclusions on the basis 
of these curves because it ap'pears as though sone unforeseen cir- 
cunstance, such as the lining-up of ring gaps due to a slow rotp^- 
tion of the rings, was operating to influence the results. 
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Surface Characteristics of Piston Riiigs 

Used in Scuffing Rmis 

PhotonicroGraphs of the aiitonotivo-type piston ring surfaces 
eXQ shov/n in figure 2Co Fi£,nire 20(a) shows the surface of a new 
cast iron conprcssion rin^ of the t^v^.o used in the sc^affing runs* 
The Icarge hori^ontr.l dark linos reprosont tool narks which on the 
actual ring are just visible to the naked eyce The lie"^ht^ vorti- 
cal linos TC'prcsciit scratches v/hich caimot "be seen v/ith the nrkcd. 
eye, 

Pi^urc 2D(h) is a pl'.otonicrcj^raph of a binilar rin^^ after 
nary hours of norial operation. IToto that the tool ::arks and 
scratches hp.ve alncst entirely disappG?vrcd, The -^.ctual rinr: sur- 
face lias a shiny, polished appcarpjice© 

Pi^ro 20(c) shows a rinf^, of tlio sane type as the other tv/c, 
which was scuffed in rijn. 11» IToto the deep gouges and rag^r^ed 
edges. 

Surface Characteristics of Cylinder Sleeve 

Used in Rin-In Tests 

Photonicro^yTaphs of the cylinder siirface replica toi^en after 
lapping arc shovrn in figure 21. The lapping i-iarks are clearly 
visible as the oblique crisscross li:ios extending from the top to 
the hotton of the pictures. These lines are the result of turning 
t:.e lapping piston while noving it in --d out of the cylinder. In 
figure 21(a), v/hich shows the Ipp^-^cd rarface before run I3A, sevor^^ 
heavy, horizontal, dark lines np:^" be observed* These lines are 
probably grinding narks as the sloevc vjas new at the beginning of 
run I3A. The linos do not appcor in any of the other photographs 
showing, probably, that they have been v/orn off. 

A conparison of these photographs indicates that lapping 
produced a surface of reasonable miifornity, although the surface 
shovm at (c) seens to be sonewhat coarser than the others. The 
profilonetcr, however, indicated that the lapped surface shown at 
(c) v;as actually si-ioothcr (10 nicroi:ichcs average) tl^an the other 
lapped surfaces (I5 niicroinches average). 
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This disnsrccncnt "betv/ocn vi^al corTparison and the profilo- 
nctcr readings r.iay "be due to photograpMc technique or to the 
i.iethod of avoracins the profilonctor readings. The profilonctor 
readin£:s varied over a. range of a'oout 5 nicroinches for 
these surfaces, and a r.ental average of this variation \jr>.s tplzor.. 

VlQiTc 22 shows the lapped surfaces after the Cait^inc was run 
for about an hi3ur and a quarter, in each case, v/ith different 
piston ring cor:i"binations. 

The oblique crisscross lines are fainter in these photo- 
graphs shov/in^ that the lappin^;;:: ;.iarhs have "been worn off Vj the 
piston notion. The scra.tchcs nade "by the piston and rings nov; 
i:redoninate ajid can be rocognized as the series of heavy vertical 
lincso The horizontal, doTk lines caJi still be seen at (a) al- 
though they a.re fewer a^id less distinct© 

The profiloneter indicated tliat the lapped surf .aces v/orc 
worn snoother by running except in the case of run IpA. The 
a.vcra.ge incroa.se in snootlmess was about 3 nicroinches. 

No correlation ]ias been established as yet between pro- 
filoneter readings and cylinder wear. Moreover the precision 
of surface ineasurencnt s in this v;ork v/as poor. 

figure 23 shows the condition of the sarae surfaces^ aftor 
each has been subjected to a-bout 10 hours' additional running. 
There does not appear to bo njiy great difference betvieen the 
surfr-ce after a 1-hour run as cor.Toarcd with a 10-hour run. This 
observation v/ould seen to indicawto tli£\t, after lapping, the sur- 
fa-ce approaches its ultinp.te condition in about -an hoi^r's running 
tine. This observation also agrees v/ith the nea.surenents nade on 
piston-ring gap clearances. 



Vj.s noted previously the surface i.ns lapped before starting 
run 15s in order to renove a trace ox inist* The la.pping does not 
appear to liave pafected the condition of the surface at the end 
of this 10-hour rLUi# 
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Surface Charactcrl sties of Piston Hiii^s 

Used in R-uui*-!.! Tests 

Photonicrc^T.?;7hs of ncvr n.ircr.-^.f t-t7ipc piston rin^ surfaces 
are cliovm in fi^mre 2U0 These rings axe all factory-lappodo The 
surface of a strai^-'^-t-faCG conprcssion rinr..; is show, at (a); the 
vortical lapping narks cover the entire surface shov/in^ that it 
has Deen lapped to full contacto This surface ro^'isters 25 nicro- 
inches ms on the prof ilonet er^ 

The bearii'v;; surface of a oevolcd scraper ring is shorn at (h). 
This rir.Q is also la^rped to full contact© 

A tapered- face ring Lapped to "lino contact" is shovm at (c)o 
The vertical la.pping narks are visiole along the lov;er edge of the 
ring. 

These photographs shov/ that the nevr rings all have hearing 
surfaces of very nearly the same cliaractero Tliese lapping narks 
are not visible to the nrJced eye; the surfaces /Oave a uniforn 
dull appearance. 

Photographs of the scsiie ring surfaces a.fter ahout 11 or 12 
hours* use are sliovn in figure 25« The lapping narks a,re still 
clearly visihlc .although they Iiave been rubbed dov.'n considerably. 
The stravight-facc conprcssion ring at (a.) now registers ih nicro- 
inches on the prof iloneter. It is rather interosti'ig to notice 
the series of fine horizontal linos on the surf.ace of t?iis stra.ight- 
face ring* STo such lines ap)pear in figure 2U(a), the photograph of 
the sane surface before use, and apparently there is no na.nner in 
v;hich these lines could be produced by x)iston notiono It would 
seen, therefore, tha.t these lines nust be tool narks v/hich v;ero 
obscured in tlic photograph of the original surface by the dopt:i 
of the la.ppirx;-j narks, but i.hich reappear as the rid^^es forned by 
la.pping vear do\mp Sinilar horizonta.l lines nay be observed on 
the upper part of the used tampered- face ring shcv.ai in figure 25(c), 
but these lines do not show on the upper part of the tinused tapored- 
faco ring shovm in figure 2^(c)o If these lines were really tool 
narks, they would be expected to show on the upper part (unlapped 
region) of this surface^ Perliaps it is possible th^.t those tool 
narks (if such they are) do not shov; up until they have had carbon 
or oil rubbed into then while running* 
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PhotordcrOf^aphs oi Piston Rin^^s 

PliotonicrosTaphs of spociucn piston rin^^s n,rc s>.nwn in 
fiC^CTQ 26. Fij^uro 26(a) shov/s tlie unctclied surface of rm ?Aito- 
no tive piston vliir of the type used in tlic scuffing nins. The 
"black r.iarks shov/ the graphite, inclusions, and so forth. 

An etched photor.ucrO(^;raph of the sane rinc is s'lown in (b). 
The dark strin^i^^ers and spots represent i^Taphitc, the dead \Tiiite 
areas represent cartidc, and the "backjiTound material is perlite* 
The carbide areas are large and spotty, 

rigure 26(c) shows the unetched surface of an aircraft ring 
of the type used in tlic run-in tests. The graphite, inclusions, 
a-nd so forth seen to "be nore xDronomiccd in this ring. 

Figure 26(d) shov7S a p^'^otonicrograph of the aircraft tyjo 
ring surface etched. The large gray a-rc.as represent graphite, 
and the narrow v/hite areas represent carbide. The carbide a.reas 
are srnaJl and well distributed. The ba-ckground v/hite re-presents 
fcrrite which is evidently nore evenly distributed and present 
in larger proportion than in the autonotive ring. 

PRECIS lOH 



Cyclic vrxiation in friction v/ork» - Three consecutive fric- 
tion cycles v/ere selected fron the record t.9ken at the beginning 
of rvii I3A, ^md three consecutive cycles v;cre selected fro:: the 
record taken at the- end of run 13A» Run I3A was a 1-hour ran. 

Also, 3 consecutive friction cycles were selected fron each 
of the records talccn at the beginning and end of run 13Bj Run I35 
was a 10-hour run. These records a.re s2io\^n^ in figure lU» 

The va.riation of the friction v/ork from cycle to cycle, rzid. 
the percentage varia,tion of each cycle fron the a.vcrage of 3 cycles, 
is given below. 
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Record t alien at oe~ 
ginnijig of Zbm I3A 
1 fl-hour run) 


1 Pricti on 
Cycle ! worL- area 

'21 8,60 
1 

j Av. - 5.02 


Percentage 
variation 
from 
avera^^e 

+3.6 

4-0,3 1 

1 

1 

i 


P.ecord taken at end 
of Eu2i I3A (1-hour 
run) 


1 

'2 

3 


! 7.-^1 
7.62 

f 


+10 • 1 

-hOo6 i 
1 

1 

i 


Hecord talcen at "bG- 
QinniuS of Ijon I33 
(10- hour run) 


2 
3 



2 

3 


7.75 
7.31 

7.71 

Ay. =7.55 


+2.1 i 

-3.7 i 
+1»5 i 

1 

i 


Eocord tal:en at end 
• of Run 133 (lO^hour : 
ruTx) 


6.17 ! 

5.S2 

j 

kv, = 6*03 j 


-0.1 1 

+2.1 ; 
-2,0 

1 

i 

! 



The foregoing data sliow that the j^crcentago variation in 
friction work from cycle to cycle is atout iU percent. Since 
the run and the cycles selected represented random choices, it 
i? ijrooatly safe to assume that this variation is representative 
of all runf^, Thoreforo, comparisor.s of friction v;ork r.ade on the 
"basis of single cycles should "be valid to v/ithin percent • 

Although the precision could have hecn su"bstantially improved 
"by making comparisons on the "basis of several cycles, all compari- 
sons made in this wcrk were "based on single cycles, "because the 
work involved in enlarging, tracing, rnd trajisforming the records 
from their original coordinates to coordinates suita"ble for comput- 
ing the friction work was considerahlo (see appendix E)* 

Rcp roducihll ity of result s» - After the completion of runs 
I3A and 133"T}':.ig'''.-ten3ion, straight-ir.ce rings), it ^^as decided to 
repeat I3A ty way of determining how closely the results could 
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be duplicated^ A new sot of picton rings, having the same diametral 
tensions, v;ere selected, and the cylinder v.^s lapped, oil systen 
flushed, and so forth, so that at the start of the check run the 
apparattis was very nearly in the same condition as at the start of 
run 13A^ 



The diametral tensions of the piston rings measured "before 
the nins v/ere: 





Ring number 












i 3 i 
j_ u 




5 


Eun 13A 


1— 

5.70 I 5.85 
1 


i i 


9.90 


10.05 


lbs 


Checl: run 


i 


5.S7 1 

1 i 


9. So 


10.00 


11)3 

i 



Unfortunately the record tr?i:en at the hecin'iing of the check 
run was lost duo to a hreal-: in the film, hut a good record was 
ohtained at the end of the run. Thiz record is shown in figu.re 
27 n^'id compares favorahly v.dth the record shovm in figure lU(h)* 



The friction v^ork of each of the 3 consecutive cycles sho\)r:i 
in figure 27 ''^--^ computed ani compared ^.dth the work for each of 
the cycles sho\/n in ii,gij.re l^-ivh), ?uesi.ij.ts aprjear in the follov^- 
ing ta"ble*i 



t 

! 

1 
1 

1 


C5ycle 
110 0 


Friction 

work r.rea 

(sq., in.) 1 


1 Record talcen at 


1 


7.68 


end of run I'^A 


? 


7.^1 


I 




7.62 


1 




Av. = 7.57 


Record tal-:er.. at end 
of chock nm 


1 

i 2 

; 3 

t 
I 
i 


7.26 
7.42 
7.6c 

Av. = 7,^3 
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The average friction v/ork for the check run is 1,9 percent 
loss than the average friction v/ork of run I3A. The apparatus, 
til cr of ore, yields r eproducihlo results* 

Calihration error So - The ovcr-o.ll sensitivity of the 
apparatus, that is, 

force acting on cylinde r sleeve, pounds 
vertical deflection of fiin trace, inches 

v/as determined hy roriovin:^ the cylinder head and loading the 
sleeve-diaphragm system with weights r-zhile recording the dis-- 
placement of the light spot on a stationary film* 

During the calibration the jacket water was maintained at 
ISO^ ^ "because this was the standard jo.cket temperature for 
all runs* Ifnat change, if any, took place in the overfall sen- 
si tivit;- of the apparatus under firing conditions is unl^nown, 
hut such ^change v/as prohahly small since the diaphragms v/ere in 
no v;ay exposed to cylinder temperatures, and, moreover, the 
diaphragms formed the upper ^Jid lower surfaces of the vrater 
jacket (see fig. l) throufrji which a good circulation was 
maintained* 

The scuff in;2 ^'''Lir.s were performed vdth sleove-diaphrp.g]n 
system no. 1, and the total running tine for these rims v/as 
about 6 hovers* A coJ.i"bration of t:iis sleeve- diaphragm system 
wa.s made immediately after those nins, and since the diaphragms 
v/ere thoroughly "seasoned," hiaving "been used at least 100 hours 
in preliminary runs, it w.:is assi:!jned tlia.t no signific-^jit change 
in the calibration took place during the brief period of the 
scuffing runs» 

The calibration curve for sleeve-diagram system no. 1 is 
sho\m in figure 2S. 

In the case of slecvo-diagrnin systehi no# 2, which was used 
in the run-in tests, the experimentual work occupied a period of 
about k months and involved v/ell over 100 hours' running time, 
A calibration curve was determined before the runs, v/hen the 
sleeve and diaphragms v/ere nev;, r:nd another curve was determined 
after the runs v;ere completed. A maximum change of 5 percent in 
the over-all sensitivity \-jp:3 noted. An average value of over-all 
sensitivity v/?.s therefore assui^ied, giving a calibration error of 
i2-^ percent. The calibration curves are shown in figure 29* 
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Personal crrorso - Errors made in enlarging the records in a 
projector and tracing the enlarged image manually for the purpose 
of constructi?ig work loops should, 'by the nature of the process, 
cane cl out . 

rilm sjocej.^ - The hi./^^.^speed film drive was powered a 
1/S-horscpo^'er synchi'onous motor w*'\icri hrouglit the film drum up to 
speed in a fr.'-.ction of a revolution, hut as a precaution, the first 
few cycles of a record v/ere discarded, Hepeated use of this c?jncra 
in many investigations in this lahoratory have sho\-/n that it is 
thorou.ghly reliable and free from cany significant errors. 

Blow-hy mea sure ments. - I'lov^^hy ^-as measured "by a new precision 
hellows-ty];.e gas meter which ga.ve readings vathin dbl/2 percent when 
calihrated at the factory. A vol^.me of 1 cuhic foot v/as indicated 
"by 1 revolution of pointer on a Ipreo dial on the front of the 
mctoro Although it v/ould have dcgu desirahle to take readings 
"based on 2 or 3 revolutions of t'.io pointer, this procedure could 
not he follov/ed es;.;;ecially in the case of the l--hour runs, because 
the blow-by v/as so small that the better part of an hour was re- 
ouircd in some cases for the pointer to complete 1 revolution. 
Consequently, since blow- by measurenorxts were desired at the bcginr- 
ning and end of a 1-hour ran, readings \/erc t.akcn over l/2 revolu- 
tion of the pointer only, but alv^^^^s ovur the same arc. 

Ring tens ionso - Diariotral rin^:, tensions v^ero measured with 
a precision of ±1 percent (see appendix A). 

Ri ng gap c learance^ - Gap clcarpjices in piston rings were 
measured by means of a feeler gage to the nearest OoOOl inch -dth 
rji error of approximately ±3 perccnto 

^^g-^j^l, P,^gAi^-io ^^- of cxpcrimentr-i work . - In view of the 
foregoing considerations it is believed th-t an. over-all precision 
of percent is a reliable figure to use in interpretirg" data 
presented herein© 

COjJCLUSIOES 

le> lloitlaer scuffing nor severe detonation at moderate mcaii 
effective pressure (80 lb per sci in^) increases the friction 
vjorko 

2o Motoring friction v/ork is less than firing friction x^rorko 



^In theoe conclusions "friction work" means that vrork due to 
piston and ring friction only. 



HACA ASE IToo Ujo6 



31 



3© rate of v/ear 0:1 c:'-li:idcr "barrelc?, ??.s neaGurcd "by 

proiiloneter ren.diiigs, and the rate of v/ear on rings as neasurod " 
1^7 -ap i.ncroascs is nuch c^o^.tor di^rirg the first hour of running 
than during the rcaainin^ 10 hours of an ll^-hour running pcriodo ^ 

he Daring an 11-hour period and v/ithin the range of variahlcs 
tested; 

(a) The v/orlc of friction decrease? steadily v/ith niiming 
tine, the nost rapid decrease occurring v/ith high-tension, 
tapored-facc rin^^s* 

(h) The (".ocrcase in friction v/orh with ruxining ti-ie is 
not due to a decrease in lirim^ tension, wliich renains essen- 
tially cons tan tc 

(c) [The decrease in friction v;ork v/ith running tine is 
undouhtodly due to the change in surface characteristics of 
cylinder vjrlls and rings*, Lap-ocd cylinder^ vjall roughness 
fell fron 15, i-.icroinches to 10 uicroiuches and lapped-ring 
rougtmess fell fron 25 to I'l- nicroinchesa 

(d) In the case of straight- free rings, friction work 
is no greater for hi^-Ii-tonsion than for lov.^tension rings© 

(e) In the ca^e of tapered- face rings, friction v/ork 
is greater for hiw;h-tonsion thrn for loiv^tonsion rings^ 

(f) .'it the end of the run-in period (ll hours) tapered- 
face rings give snaller values of friction \.^ork thaji straight- 
face rings 3 



'•No corrolp.tion has been estahlishod o.s yet between profiloncter 
readings and cylinder wear<, I'oreover the precision ox surface neas- 
urcLicnts in this \;Ork was poor; -also the lIA.Gn. has found that changes 
in gap clearances do not correlate well vath v/eight changes of piston 
rings and therefore do not give a reliable indication of v/caro The 
differences in the rates mentioned above, hov;ever, arc of the order 
of 5 to 1, and should therefore bo of cone signif icancce 
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5 3 ?hotor.'icro-"rro-'iS of tho ctructurc of conricrcical cast iron 
rings s]:ov; tli-t the natoria.! custo.i.'^.rily used in aircraft rii^gs 

(a) shov:s ruch larti'or pcrcontaBC of fcrrite 

(b) sIiov.'S norc free carbon 

tlia.n the naterial custonarily used for aiitonotive vinQs^ 

Massachtisctts Institute of Toch:ioloo'| 
Ca:.ibrid::;o, Has^:^c, January 27, 

APPSTDIX A 

D::jSCi:iP!rioii op a?p.aiiatjS pop MEASinmrs 

LIAKS^IL T:iIIITSION OP PISTON RIITG-S . 



A photo,-raoh, of the apparatus? neod to neasure di-^etral rin^- 
tension is shoirn in fi^Turo IP.^ 

The r)iston rin^;; vas placed between the adjust:\blc shoulder A 
and the slidinn oxn T]ie slir[i:v; cirr.: was connected by mea-ns of 
tv70 pieces of steel \lre C to t::.o upper end of a spririg balance D» 
To t^e lower end of the spring b?JLanc0| a screw E w3.s connected 
which, when tightened, tr?ans- iittod a load to the piston ring, throu^. 
the talanccj v;herc its nagnitua.. could bo read directly* 

The correct gap clearance of the ring \^m.s deternined by placing 
the rinr in a ring gage, nachined to the exact size of the cylinder 
bore, and reasuring the clep.rance ^'7it:\ a feeler gage* 

The ring v/as then placed in the apparatus ajid the r.iicroneter 
screw F tightened until the ring was compressed to the correct gap 
clearance, '.fcen the nicror.ieter screw v:as in contact v;ith the ver- 
tical shaft & on the slidir^:,' am, a circuit was closed which caused 
the snail lai.Yp H to lights 

The screw 3 \ns then tightened tiiitil the Imp went out, whnch 
indicated that the contact betwern the iiicroneter screw and shaft G 
was broken* At thJ.s point tho load on the ring was equal to the ring 
tension, and the r.iat:nitude was read on the spring balance* 
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The plato I v;as used to line up the ring accur-^.toly. The 
hcit^ht 01 the plate v.^s just oqiL?.l to the radius of the cvlindor^ 
Wlicn the Tin<z v;as placed in the apparatus, care v/as taken to liavo 
the gap in lino vath the top of the plate^ The plate also served 
to line up the ring parallel to the hase of the nachine. After 
lining up the ring, the plate vas rcnovedo 

The apparatus was flexibly notinted in a vertical position, 
and a snail notor J, with an unbalanced disk on the s'lraft, v/as 
used to vibrate the apparatus in order to diminish static frict-ion* 
The notor was nounted on the back of the apparatus, at the top, 
and does not shovr to advc^ntagc* 

Repeated neasuronents on a given ring were in o,grcencnt \ri.thin 
one percent* All values road off the s}-)ring balance wore corrected 
for the weight of the sliding am and those parts hanging on the 
sliding aTDi 

APPSI^iDIX 3 
COI/IPUTATIOIT 07 ZP.ICTIOII IVOHK 

In conputing friction work fron the filn records it v/as first 
necessary to deternine the deflecting force acting on the cylinder 
sleeve, corresponding to a given ordinate on the filn record. This 
infomation was obtained as e:qplainod in the section on Precision* 

The calibration curves are shown in figures 23 and 29# 

In the follovang exposition, only the data pertaining to sleeve- 
diaphragn systen not 2 \dll be uned# 

The over-all sensitivity of the apparatus is defined as 

P: JL _^^Q^ce acti ng on cylind er sleeve, pounds 
Df vertical deflection of filn trace, inches 

Pron figure 29 the average vr^lue of K is 350 pounds per inch# 

It is necessary to convert the tine scale on the filn to a dis^ 
tance scale so that the product of the two coordinates will have the 
dinensions of V70rk» The records shovri in this report give the vari.?^ 
tion of slccvo displacenent v;ith tine during the engine cycle# 
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If the tine axis (which, at conr.tant filn and en{drxC spcocl, is 
directly proportional to cranlc an^lo) is tranforned to rjivc the di?>- 
tanco of the piston fron top center at any instant, then the siir.ina* 
tion of the product of the tv/o coordinates is proportional to the 
friction vjorke 

The tine scal^ on the filn can he con\^erted into de^Trcos craric 
angle and the corresponding- distance of the piston iron top center 
determined "by strai^ht-f orv/ard neasirrenent and coinputation, hut the 
proceers is la"borious# Considerahle effort vtp.s saved hy usin^' the 
M»I.T» transfer no.chine. The transfer nachanc is an apparatus used 
in transfornirii:^ pressure-crani: angle indicator diagra.'is to pressure- 
volune diagrans* 

A photograph and schenatic dia{^r?n of the machine are shov/n in 
figures 30 ^-^d 31» 

Tlie n?„chino consists essentially of tvo sliding tahles A and B 
\^^iich are free to ^lovo in a horizont.al direction* The tahle A is 
actuated hy the "belt C which passes over the dru:.: D .^nd the pulley Ea 
The tahlo 3 is actuated hy the disk F and the collecting rod &♦ The 
dn-'.n and the disk arc rigidly fa-'tened to the shaft H. When this 
shaft is rotated through a fiven arc, the linear displacement of the 
tahle A is directly proportional to the arc, vrhile the linear dis- 
placement of the tahle 3 is directly proportional to the linear dis- 
placement of a piston in an actual engine hearing the s-^me ratio of 
crank radius to connecting rod length* This ratio n.ay he varied on 
the transfer machine by changing the effective length of the rod & 
hy means of the slot J and the clamp at K« 

A pressure- crank angle diagTa::i is i3laced on tahle A, an^. 0. hl-^nk 
sheet of p':^^er is placed on tahle 3, Tlie ^*top center" position for 
hoth tahles is fi::ed hy placing the pointer L on the toj; center line 
on the pressurc-cranl: angle diagraii and moving the tahle 3 as far to 
the right as possihle* A claap M on to-hle A allows this taolc to he 
move.d independently of the holt C v/hile mailing this adjustment* 

After the tahles have heon lined up on toj' center, the dru.i E 
is rotated hy hand until the pointer L is at hottcm center position 
on the pressure-cranl: angle diagrejn* The pointer L is connected to 
the stylus H tlirou{::h the rod P wMch is constrained to move trans- 
versely hy the guides Qt 

A S3aall electric motor R v/hich drives drum D at very slovj 
speed is then started* As tahle A moves to the left, the pointer 
L is held on the indicator line hy the operator* The stylus IT 
then traces out the corresponding pressure-volume diagram* 
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In this transfer process 180*^ on the crank-anglc scale is 
transferred to p. scale 5 inches lor^; on \;hich the distance of thv-^. 
piston fron top center is reproscntcr\ In the case cf indicator 
diacraiTis, this scc^le must "be multiplied "by the area of the piston 
to conpletc the pressure- volme transf ornation, hut in the case of 
friction records^ cylinder volunes are not necessary, and tj:c trans- 
ferred scale can "be used directly* 

The transfer machine acconuo dates a pressure-crank anjlc i-idi- 
cator dia{L:raj-i v;hich is 9 inches lon^ for 3^0^ of crank rotation. 
Thus, in using the machine to transfer friction records, each 
interval uust ho enlarged to 9 i?ic*hcst TMs enlar^encnt was efx'..cted 
"by placing the r coord in a photO::3raphic onlargcr and tracing the i:>- 
age on cross-section paper with a pencil. 

One engine revolution on the film record is represented hy 

i, n mcncs 
h 

where 

Vf film speed, inches per second 

K engine rpn 

The required enlargement of the film record is then 

M n a JiJL 
I oO Yf 



In enlarging the ahscissa scale on the film record the ordi?nr.te 
v/ill he correspondiiigly enlarged so that 1 inch on the enlarged ordi- 
nate scale v/ill represent K/M pounds per inch. The ordinratc scale 
is not altered on the transfer machinCi hov/evort 

Two consecutive strokes (l revolution) of the enlarged friction 
record are then placed on the trcjisfer machine and convortod into a 
force-piston-position diagram. The result is shorn in figij.rc 3^?t ^^'^c 
upper diagram represents the loop ootaincd if the tv/o consecutive 
strokes happen to he the suctinn aj-^.d compression strokes and the lov/cr 
diagrajn represents the result ohtainod if the power and e::h?ust strokes 
are taken* 
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Since the stroke of the engine is inches, 1 inch on tho 
transfomed ciT^scissa scale v/ill represent ^•5/5 inches of piston 
motion^ Hence 1 square inch of the friction work loop represents 

J X ^-sS X — foot pounds 
M 5 12 

If represents the area of the friction work loop for the 

pov/er and ezdaaust strokes and A2 rupresents the aren of the fric- 
tion work loop for the suction a}i(i coupression strokes, then the 
friction v/ork for 1 cycle is 

V :x (A.-f A,0 X £ X ^^^5 X 

1 - M 3 12 

and with K = 390 pounds per inch for the case of sleevo-diaphro>gin 
systcD noc 2 and a filn speed of 25 inches per second, this 

expression becomes 



Iv r: ^1-.... (a^ Ao) ft— l"b3 pur cycle 



The piston friction nean effective pressure is defined as 
pfmqp 



a £r-^^'^-^i?-'L5'^--^J^± ^T.^-'-f > inc3--pounds 
piston displacciMcnt, cuiic inches 



and is given hy 

UgTO 



pfncp n i\ + Ag) X 12 X — 



3 

1570 (An + Ao) , . , 

^.-^^..^.^A^ ^J. pounds 'ocr sqixare inch 

\hore tho fif^^ure 37«3 is the piston displacenent in cuhic inches, 
and the fa^ctor 12 converts foot-pounds to inch-pov~ids 

Piston friction horsej)owcr i:- "■vr." "by 

pfhp = « Oe0737 Ag) 

33.000 ^ 
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It npjy be pointed out that the work loops ?hov,Ti in fi,.,iirc 32 
c.rc r.l.Most, "but not conpletoly, closed* This situo.ticn olDt'dnn to 
a {:^ro?.tcr or lesser doci*ee for all records. The "bccinnin^; and end 
of the friction trace for a Given stroke is indicated hy little 
circles at the ri^ht and left hnnd ends of the loops. The ri,±it 
Iiand end of the loops is alv/ays closed^ of course^ "because the trr.co 
'las not been broken here, but v/hen the lower branch of t]:.e loop is 
folded backward, it does not calv/ays nect the bocinnin^' of the upper 
branch. This is duo to resonant excitation of the sleeve, and c:ivos 
a slit2:htly erroneous value for the friction v/ork of 1 revolution. 
In the case of fl^are 32 the work areas for both loops v;ould bo 
•^r eater than the true work arca» 

In other cases, hovrever, tlie tvo brai^-chcs of t?ie loop cross 
at the left iir.nd side, giving a smaller value of friction v/ork than 
the true value » 

On the ave^^?^7c there v/ere about as nany loops v/hich cave hl-Jti 
values of friction work as there v/ere loops £,lvinc low values, and 
the naicinuT-i variation, due both to this cause find cyclic variation, 
in operatin£5 conditions was ±h percent (see discussion \uider Pre- 
cision) . 
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TABLE I 
Scuffing Runs 



Run 


Brake 
lbs 


Inlet 
Temp 
Op • 


Coolant 


Oil 

Temn 


RP M 




3 


16.8 


180 


180 


180 


1800 


Firing, no detonation 
(see figure 13fe)). 


4 


18.8 


180 


180 


180 


1800 


Firing, severe detonation 
induced by e thyl -nitrite , 
no scuffing (see fig. 13(W) 


5 


-9.3 


144 


175 


178 


1800 


Motoring, rusted sleeve, 
no scuffing (see fig. 13b)) 


6 


18.5 


142 


184 


178 


1800 


Firing, rusted sleeve, 

no scuffing (see fig. 13fcl)) 


7 


19.0 


140 


177 


180 


1800 


Firing, no ethylene glycol, 
no scuffing (see fig. 13fe)) 


8 


- 8.0 


135 


183 


179 


1800 


Motoring, no ethylene 
glycol, no scuffing (see 
fig. 13fr)) 


9 


- 8.0 


165 


180 


181 


1800 


Motoring, 180 cc ethylene 
glycol added, (see 
fig. 13fe)) 


10 


19.0 


145 


180 


181 


1800 


Firing, no ethylene glycol 
added (see fig. 13h)) 


11 


18.5 


140 


178 


180 


1800 


Firing, 300 cc ethylene 
glycol added, rings scxiffed 
(see fig. 13a)) 



Cylinder head: No. 1; no junk rings; see figure 1. 

Cylinder sleeve: No. 1; SAE 4140 steel, pitted 

moderately after run 4 as a result of 
rusting. 

Piston: No. 2j aluminum; see figure 6. 

Piston rings: Upper 3 grooves: broad face, cast iron, 

compression rings, see figure 5. 
Lower 2 grooves: cast iron, scrapers, 
see figure 5. 

Spark advance: 30*^ 

Lubricating oil: SAE 40 

Fuel: Automotive, about 70 octane. 
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Run-in Tests: Condensed Data on Operating Conditions for Run* 13A and X3B 

Hurv 13A 



Running 
Time 

h - ri» 


Evoke 
lbs 


Inlet 
Mix, 
Temp. 

1 


Sleeve 
Temp. 
•P 


Engine 
Oil 
Terap. 


Blow - by 
cu ft 


Remdrks 


0- 0 












Started engine^ recording continuously at 
nlo-u fllra-spced. 


0-06 


18.4 


182 


180 


175 




Righ-speed record t^ken (see figure 14(^). 


0-12 










2.64 




0-50 










2.58 




1-05 


18.9 


183 


178 


177 




High-speed record taken (see figure 14^9, 


1-07 












Film expired; finished runj shut doim. 



I 

3: 



Head oil burned or blown out with exhaust : 50 cc. 

Cylinder surface before run (lapped) : 16 micro-inches, see flj^re 21(av 
Cylinder surface after run : 10 ralcro-inches , see flg\ire 22Ca), 

Piston rings; Upper 3 grooves, cast Iron, compression, high tension, straight face, lapped 
to full contact, see figures 6a and 24^ Lower 2 grooves, cast iron, beveled 
scrapers, lapped to full contact, see figures 10 and 24^, 

Difljtetral ring tensions and gap clearances ; 

Groove No. * 

Tension before run, lbs. 
Tension after run. ibs. 

Clearance before run, ins. 
Clearance after run. Ins. 



1 


2 


3 


4 


5 


5.70 


6.85 


5.68 


9,90 


10.05 


5.62 


5.81 


5.66 


9.82 


10.04 


0.015 


0.013 


0.013 


0,013 


0.012 


0.016 


0.014 


0,014 


0,015 


0,014 



Rxm I3B 



Runnin/r 
Time 

h - ra 


Prake 
lbs. 


Tnlet 
Mix, 

TefBjp, 


Sleeve 
Tenp, 
•P 


Snglne 
Oil 
Temp, 


Blow- by 
ou tt/hr 


Remarks 


0- 0 












Sterted engine. 


0- 32 


18.1 


183 


182 


174 




Hi«h-sp«ed Feeord ta)otn (Me figiire 14<i3)). 


0-49 










1.68 




1- 24 










1,62 




3-31 


19.6 


183 


182 


177 






3-34 










2.22 


Maxlnufli blev-by. 


5- 22 










1.92 




5-41 


20,0 


183 


180 


178 




Maxlnuin brake. 


9-33 










1.68 




10 - 00 


20.0 


183 


179 


179 




High-speed reeord taken (see figture 14(^)« 


10 - 03 












Finished runi shut dovn. 



Head oil burned or blown out with ejchAust : 20 cc. 



Cylinder surface before run : Same as after run 13A, 10 micro-inches, see figure 22fe). 

Cylinder surface after run * 9 micro-inches, see fiprure 23(a). 

Piston rinfiS ; Saa>e as run 13A, 

Diametral ring tensions and gap clearances ? 



Groove No, ^ 12 3 4 5 

Tension before run, lbs. 5.62 6,81 5.66 9.82 10 04 

Tension after run, lbs. 5.63 5.80 5.76 9.95 10.00 

Clearance before run, ins. 0.016 0.014 0.014 0.015 0 014 

Clearance after run, ins. 0.016 0.014 0,016 0.016 0.018 



1 Grooves are numbered from the top to the bottom of the piston. 
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TABLE 3 

Run-in Tests; Condensed Data on Operating Conditions for R\ms 14A and 14B 

Run 14A 



Riinnln^ 
Tijne 

h - n 


Brake 
lbs 


Inlet 
Mix 
Te«p . 
•P 


Sleeve 
Temp. 
••P 


engine 

Oil 

Tctnp. 
•P 


Blow - by 
cu ft Air 


Renarks 


0- 0 












Started engine i recording continuously at 














slow f 11^-speed. 


0-10 










6.35 




0-16 


19.2 


183 


180 


181 




High-speed record taken (see fl^\ire 15W. 


0-40 










5.21 




1-00 


17.3 


183 


178 


183 




Hlgh-spee'l record taken (see flQure 12ft>>\ , 


1-01 










5.17 




1-05 












Film explrodi finished rtini shut down. 



Head oil burned or blown out with exhaust : 42 cc. 

Cylinder surface before r\in (lapped ); 14 micro-Inches, see fl^nare 2l(bi 
Cylinder surface after run ; 10 micro-Inches, see figure 2fl(fci, 

Pist on rings ? Upper 3 grooves -- csst Iron, compression, low tension, straight face, lapped to 

full contact, see figures 7 and 24W. Lower 2 grooves -- cast Iron, low tension, 

beveled scrapers, lapped, see flguree 10 and 24W. 



Dlaiaetral ring tensions and gap clearances ; 



Groove No, 


1 


2 


3 


4 


5 


Tension before run, lbs. 
Tension after run, lbs. 


3,64 
3.53 


3.62 
3,45 


3.59 
3.47 


8.50 
8.62 


8.49 
8.49 


Clearance before run. Ins, 
Clearance after run, Ins, 


0.013 
0.014 


0,014 
0.015 


0.013 
0.016 


0.013 
0.014 


0,013 
0,016 



Run 14B 



Running 
Tine 

h - m 


Brake 
lbs. 


Tnlet 
Mix. 
Temp, 
•P 


Sleeve 
Temp. 
•P 


Sngix>e 
Oil 
Temp. 


Blow - by 
cu ftAr 


Remarks 


0-0 












Started engine. 


0-05 


20,0 


192 


190 


181 




Took high-speed record (soe figure 16ip)). 


0-55 










1.42 




2-35 










o.eo 


■ioinoRi bla«-Vy. 


6-10 


20.9 


185 


175 


179 




MaximiifR brake. 


8-30 














9-56 


20.9 


182 


181 


178 




High-speed reeord taken (eee figure IStO). 


10-00 












Pinlshed run, shut down. 



Head oil burned or blown out with exhaust ; 65 oe. 

Cylinder surface before run (lapped) ; 14 micro-inches. 

Note; Due to the fact that a small trace of rust formed on the cylinder sleeve 
overnight, the sleeve was lapped before starting this run. 

Cylinder surface after run : 10 alcro-inches, see figure 23fei 

Piston rings ; Same as Run 14A. 

Diametral rin/r tensions and gap clearances; 



Oroove No. i £ ^ 1 1 

Tension before run, lbs. 3.53 3.45 3.47 8.52 8.49 

Tension after run, lbs. 3.47 3.42 3.41 $.40 8,54 

Clearance before run, ins. 0.014 0.015 0.013 0.014 0.016 

Clearance after run. Ins, 0.015 0.015 0.016 0.017 0.018 
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TABLE 4 

Run-in Teats t CoixSensed Data on Operating Conditions for Rune ISA end 15B 

Run 15A 



Running 
h- n 


Brake 
lbs 


Inlet 
Mix. 
Temp. 

Op 


Sleeve 
Temp. 

Op 


Engine 
oil 
Temp, 


Blow - by 
eu tx/hr 


Remarks 


0- 0 












Started engine j recording continuously at 
slow film-speed. 


o-cr7 


19.0 


185 


170 


182 




High-speed record taken (see figure Iflli)). 


0-i« 










2.10 




0-35 


19.6 


186 


182 


180 






0-50 










2.16 


Maximum blow-by. 


0-89 


19,7 


185 


178 


180 




High-speed record taken (see figxire IWi • 


1-05 












Film expired. 


1-U 










2.10 




1-82 












Finished runi shut down. 



Head oil burned or blown out with exhaust ; 17 cc. 

CyllMer sxirface before run (lapped) ; 10 micro -Inches, see figure 2^X 
Cylinder surf see after run : 10 mi or o- inches, see figure 22ixl 

Piston rings * Upper 3 grooves — csst iron, compression, high tension, tapered face, lapped to 
line contact, see figures 8 aivl 2Ak), Lower 2 grooves — oast iron, high tension, 
beveled scrapers, see figures 10 and 24lbl 

Diametral ring tensions and gap clearances 

Groove Ko. 

Tension before run, lbs. 
Tension after run, lbs. 

Clearance before run, ins. 
Clearance after run, ins. 



1 


z 


3 


4 


6 


6.23 


6,23 


6.28 


9.94 


9,02 


6,13 


6,28 


6,31 


9,85 


9.90 


0.013 


0.015 


0.016 


0,014 


0.013 


0,014 


0,016 


0.018 


0,016 


0.014 




Run 16B 









Pnnninf 
Time 

h - m 


Brake 

lbs 


Inlet 
Mix* 
Temp. 


Sleeve 
Tenp. 

•f 


Bngine 
OU 
Tentp, 

•f 


Blow - by 
ou ft/W 


Remarks 


0-0 












Started engine. 


0-09 










2.52 




0-17 


19,2 


183 


180 


180 




High-speed record taken (see figure 16^19 • 


2-41 


19.7 


186 


178 


180 






4-55 


20.2 


186 


182 


180 






8-10 










3.28 




9-30 










2.46 




9-55 


20.2 


184 


176 


180 




High-speed record taken (see figure 16ii)). 


10- 00 












Finished runi shut down. 



Head oil burned or blou-n out with exhaust ; 63 cc. 

Cylinder surface bef ore run; Siirte as after run 15A, 10 alcro-lnches, see figure 22fe). 

Cylinder surface after run : 10 micro-inches, see figure 23fcl, 

Piston ring s; Sane as rxin 15A. 

Diainptral ring tensions and gap clearances ; 



Groove No. 


X 


2 


3 


4 


5 


Tension before run, lbs. 


6.13 


6,28 


6.31 


9,85 


9,90 


Tension after run, lbs. 


6.65 


6.30 


6.44 


9,77 


9,88 


Clearance before run. Ins. 


0.014 


0.016 


0,018 


0,016 


0,014 


Clearance after run, ins. 


0,015 


0.017 


0.019 


0,017 


0.017 
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TABLE 5 

Run-in Tests*. Condensed Data on Operating Conditions Tor Rmxxb 16A and 16B 

Run 16A 



Running 
Time 

h •» m 


Brake 
lbs 


Tnlet 
Mix. 
Temp, 


Sleeve 
Temp. 


Engine 
Oil 
Temp, 

Op 


Blov - by 
cu TtAvr 


Remarks 


0-0 












Started en^^lnej recording -continuoiisly at 
slow flln-ipead. 


0-10 


18.5 


183 


180 


179 




Hl^h-epeed record taken (see flfixre ITfe)). 


0-28 










1.20 




0-53 


20.0 


1P.4 


182 


180 




Hi«h-«p«od record taken (see figure 17(b)), 


1-14 










1.36 




1-28 












Ptnished nin; shut dovn. 



I 



W»ad oil burned or blovn out with exhaust ; 103 oc. 

Cylinder aurface before run (lapped) ; 15 micro-inches, see fijpure 2HdDL 
Cylinder surface after run ; 12 micro-inches, see figure 224Sjt 

Piaton rings : Upp«r 3 grooves cast iron, compression, low tension, tapered face, lapped to 
lia* contact, see figures 9 and 24fcX Lower 2 grooves — beveled scrapers, see 
fiffurea 10 and 24tit 

DiaaM>tral rim tensions and gap clearances : 



aroovc Ho. 1 

Tenaion before run, lbs. 3.41 

Tension after run, lbs. 3.30 

Clearance before run, ins.' 0.011 

Clearance after run, ins, O.OlS 



3.38 
3.58 

0.013 
0.014 

Run 16B 



3 


4 


6 


3.52 
3.47 


8.sa 
e.43 


8.29 
6.48 


0.014 
0.015 


0,018 





Running 
Tine 

h - m 


Brake 

Ibi 


Inlet 
Mix. 
Temp. 


Sleeve 
Temp. 


Engine 
Oil 
Temp. 

*F 


Blov - by 
cu ftAr 


Remarks 


0- 0 












Started engine. 


0-20 


21.1 


183 


180 


176 




High-speed record taken (9«e figure 17b)). 


0-55 










1*15 




3-30 


21.2 


184 


178 


180 






4-00 










0.654 


Minlmun biow-by. 


6- 02 


21.6 


182 


178 


180 






9-51 










1.56 


Waximuni blow-toy. 


9-53 


20.9 


184 


179 


180 




High-speed reoord taken {— figure 17ttJ). 


10 -00 












Finished "^uni abut down. 



Head oil beamed or blovm out with exhaust ; 5 oc. 



Cylinder surface after run: 10 


micro-inches, 


see figure 


23^1), 






Piston rings; Sajne as run 15A. 












Diametral ring tensions and gap 


clearances • 










Groove Ho, 


1 


2 


3 


4 


5 


Tension before run, lbs. 
Tension after run, lbs. 


3.30 
3.29 


3.58 
3,55 


3.47 

3.48 


8,43 
8,33 


8,48 
8.49 


Clearance before run, ins. 
Clearance after run, ins. 


0.012 
0.012 


0,014 
0,014 


0.015 
0.016 


0,012 
0.013 


0.015 
0.016 
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TABLE 6 

Friction Data for Scuffing Runs 
^ Sleeve -diaphragm System No. 1 



Hun 
No. 


Friction 
work per 
cycle 
ft lbs 


PPMEPi 


PPHpa 


Remarks 


3 


15.9 


5.13 


0.435 


Firing, no detonation. 


4 


15.8 


5,11 


0,433 


Firing, severe detonation 
Induced by ethyl nitrite. 


5 


22.2 


7.14 


0,604 


Motoring, sleeve freshly 
rusted, no scuffing. 


6 


29.2 


9.42 


0,797 


Firing, rusted sleeve, 
no scuffing. 


7 


25,6 


8.26 


0.700 


Firing, no ethylene 
glycol, no scuffing. 


8 


18.4 


5.92 


0.502 


Motoring, no ethylene 
glycol, no scuffing. 


9 


20.0 


6,45 


0,546 


Motoring, 180 cc ethylene 
glycol added, no scuffing. 


10 


24,2 


7.80 


0.661 


Firing, ethylene glycol 
as in (9), no scuffing. 


11a 


23,7 


7.63 


0.646 


Cycle a, firing, 300 cc 
ethylene glycol added, 
rings scuffed. 


lib 


22,3 


7,19 


0,608 


Cycle b, 300 cc ethylene 
glycol added, rings scuffed 



^ PPMEP = piston friction mean effective pressure 
* PPHP = piston friction horsepower 



1 
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Table 7 

as 
> 

Friction Data for Run-Tn Tests ^ 
Sleeve -diaphragm System No. 2 > 





I 


beginning of Run 


Bnd of .R\m 




Run 
Ho. 


Work 
per 
Cyc le 
ft. lb. 


lb per 
sq in 


PFHP« 


Sum of 
Ring 
Pensions 
lbs. 


Work 
per 
Cycle 
ft lb 


PPMEP^ 
lb per 
sq in 


PPHP» 


Sum of 

Ring 
Tensions 
lbs. 


Remarks 


13A 




Il,3 


0.636 


37.2 


30.2 


9.71 


0.549 


S7 n 

«J r . U 


nxgn vensxonf oT/Faxgnv"*! ace 
rings, 1 hr. 7 min. run. 


13B 




9.58 


0.541 


37.0 


25.1 


8.08 


0.457 




rings, 10 hr. run. 


14A 




10.65 


0.601 


27.8 


31.4 


10.10 
ft 


0.571 


27.5 


1 hr. 5 win, run. 






9.45 


0.533 


27.5 


24.8 


7.97 


0.450 


27.2 


Tyx«f tionfifon fiiiT*A lirht**f ace Twiners 

10 hr. run. 


ISA 


39.2 


12.62 


0.713 


38.6 


31.9 


10.26 


0.579 


38.5 


High tension, taper ed-f ace rings, 
1 YiT* 22 mln run 


15B 


25.2 


8.11 


0.458 


38.5 


23.6 


7.59 


0.428 


38.9 


High tension, taper ed-f ace rings, 
10 hr. run. 


16A 


27.2 


8.74 


0.493 


26.9 


25.8 


8.30 


0.469 


27.3 


Low tension, tapered*faoe rings, 
1 hr. 28 flin. run. 


16B 


22.3 


7.19 


0.405 


27.3 


19.5 


6.28 


0.355 


27.1 


Low tension, tapered-face rings, 
10 hr. run. 


X 


21.3 


6.85 


0.385 


37.8 


22.9 


7.36 


0.416 


37.8 


High tension, straight-face rings, 
1 hr. 20 min. run. Excess lubricat- 
ing oil on cylinder walls. 


y 


20.3 


6.51 


0.367 


37.8 


23.2 


7.48 


0.421 


37.9 


High tension, straipjit-fece rings, 

10 hr. run. Excess lubricating 

011 on cylinder' walls. 



* PPMSP = piston friction mean effective pressiire 
^ PPHP = piston friction horsepower 
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Fig. 2 




Figure 2.- Photograph of cylinder head no. 2, 
showing junk rings A, and spacer rings B, 
C, D, E. 
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Figs. 4,5 




Figure 5.- Photograph of aluminum piston no. 2, 
and aut omot i ve- type cast-iron piston rings 
used in scuffing tests. 
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Figure 6 . Dttall drawing of straight face, hlgji tension 
oompresslon rings used In Huns l3A and 13B. 




CIRCULARITY .COS -i) IB Ef<LAR(?6P ?^CTION 



Figure 7 . Detail drawing of straight face, low tension 
compression rings used in Runs i4A and L4B. 
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Figure 8 . Detail drawing of tapered face, high tension 
coopression rings used in Runs 15A and 15B. 




Figure 9 . Detail drawing of tapered face, low tension 
compression rings used in Runs 16A and 16B. 
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ClRCULAmTY ■Q06-.0IS 



Tolerance 
On all fractional machine 
dinensionB allov &.010. 
Decimal dimensions ^,001 
unless othervise specified. 



HOWC ^ 



Figure 10 • Detail drawing of beveled scraper rings 




3.a3G Q/A. OF Skirt 



QlO-OiOf^.fN BOTTOM 
CORSJei^S 0^ ALL f^ti>i^ GRQOVEZ 

m 



Figure 11.. Modified design of Bthjrl O^ollne Corportttion &iroraft*type 
aluainuffl piston used in run-in tests. 
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Figure 12-- Photograph of apparatus used for 
measuring diametral ring tensions. 
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Fig. 13 





(a) Run 3, engine firing, no 
detonation. 



(b) Run 4, engine firing, severe 
detonation. 





(c) Run 5, engine motoring, sleeve (d) Run 6, engine firing, sleeve 
freshly rusted. freshly rusted. 





(e) Run 7, engine firing, rusted (f) Run 8, engine motoring, 
•Sleeve now run inv rusted sleeve now run In, 





(g) Run 9, engine motoring, 180 cc.(h) Run 10, engine firing, 
ethylene glycol added to Incom- Immediately after motor- 
ing mixture. ing run no. 9. 



L 


b 


p e s c 




^^^^^^^^^^ c 


b 

E 5 C 




1 INCH 











(1) Run 11, engine firing, 300 cc, ethylene glycol added to Incom- 
ing mixture. This record shows the effect produced by ring 
scuffing. * o 



Figure 13.- Friction records obtained during scuffing runs. (See 
Sable 1.) Time increases from left to right. An up- 
ward displacement of the trace indicates an upward 
displacement of the sleeve. 




o 

(a) Record taken 6 minutes after start of run 



4^ 

C-4 




(b) Record taken 1 hour and 5 minutes after start of run 13A* 




(c) Record taken 32 minutes after start of run 13B. 




(d) Record taken 10 hours after start of run 13B* 2 

Figure Friction records taken during run-in tests with high tension, straight ^ 

face, compression rings • Engine speed 1200 r.p^m*, film speed 25 inches 
per seconds See Table 2. 
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Fig. 15 




(a) Record taken 15 minutes after 
start of run 14A. 




(b) Record taken 1 hour after start 
of run 14A. 




(c) Record taken 5 minutes after start 
of run 14B. 




(d) Record taken 9 hours and 55 minutes 
after start of run 14B. 



Figure 15.- Friction records taken during run-in tests with 
low-tension, straight face, compression rings. Engine 
speed 1200 r.p.m., film speed 25 inches per second. See 
Table 3. 
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Fig. 16 
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(b) Record taken 


59 


minutes 


after 


start of run 


15A 
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(c ) 


Record taken 


17 


minutes 


after 




start of run 


15B. 






- — s 
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1 





(d) Record taken 9 hours and 55 

minutes after start of run 15B. 



Figure 16.- Friction records taken during run-in tests 
with high-tension, tapered face, compression rings, 
fingine speed 1£00 r.p.m., film speed 25 inches per 
second. See Table 4. 
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Fig. 17 




la) Record taken 10 minutes after 
start of run 16A. 




(b) Record taken 53 minutes after 
start of run 16A. 



(c) Record taken 20 minutes after 
start of run 16B. 




(d) Record taken 9 hours and 53 

minutes after start of run 16B. 



Figure 17.- Friction records taken during run-in tests 
with^low-tension, tapered-f ace , compression rings. 
Engine speed 1200 r.p.m., film speed 25 inches per 
second. See Table 5. 
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(a) Record taken 10 minutes after 
start of run x. 









5 C 


(b) 


Record taken 


52 


minutes 


after 




start of run 


X . 












>f • 

5 C 




(c ) 


Record taken 


30 


minutes 


after 




start of run 


y . 








(d) Record taken 9 hours and 58 
minutes after start of run y, 



Figure 18.- Friction records taken during runs in which 
I - an excess of lubricating oil was supplied to the 

cylinder walls. 

I 
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Figure 19. - Effect of running time on blow-by during the run-in 
period for various types of piston rings. 
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(a) Surface of unused, straight- 
face, unlapped compression 
ring. The horizontal lines 
are tool marks; the vertical 
lines are scratches. 




( b ) Surface of 
type shown 
many hours 
operation. 



ring of the 
at (a) after 
of normal 




(c) Surface of ring of the type 

shown at (a) which was scuffed 
in run 11. 

Figure 20.- Photomicrographs of surfaces of specimen automotive- 
type piston rings used in scuffing tests. Magnification 25 X 
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Fig. 21 




(c) Surface before run 15A, ( d ) Surface before run 16A, 

10 micro-inches rms . 15 micro-inches rms . 

Figure 21.- Photomicrographs of surface replicas of cylinder sleeve 
no. 2 after lapping with no. 600 compound. The oblique vertical 
lines are lapping marks. Magnification 25 X. 




(a) Surface after run 13A, 
10 micro-inches rms . 




(b) Surface after run 14A, 
10 micro-inches rms. 





(c) Surface after run 15A, 
10 micro-inches rms. 




( d ) Surface after run 16A, 
12 micro-inches rms. 



Figure 22.- Photomicrographs of surface replicas of cylinder 
sleeve no. 2. These photographs show the effect of about 
1 l/4--hour6 running time on the lapped surfaces shown in 
Figure 21. Magnification 25 X. 
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.Fig. 23 




(a) Surface after run 13B, (b) Surface after run 14B, 

9 micro-inches rrns . 10 micro-inches rms . 




(c) Surface after run 15B, (d) Surface after run 16B, 

10 micro-inches rms. 10 micro-inches rms. 

gure 23.- Photomicrographs of surface replicas of cylinder sleeve 
no. 2. These photographs show the effect of about 10 hours 
additional running time on the surfaces shown in Figure 22. 
Magnification 25 X. 
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Fig. 24 




(a) Surface of unused, straight 
face, compression ring lapped 
to full contact. The vertical 
lines are lapping marks, (see 
also Figure 6), 25 micro-inches 
r . m . s . 



(b) Bearing surface of unused, 
beveled scraper ring 
lapped to full contact. 
The vertical lines are 
lapping marks (see also 
figure 10). 




(c) Surface of unused, tapered 

face compression ring, lapped 
to "line" contact. The verti- 
cal lines on the lower edge are 
lapping marks (see also Figure 8). 



Figure 24.- Photomicrographs of surfaces of specirpen aviation- 
type piston rings used in run-in tests. Magnification 25 X. 
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Fig. 25 





Figure 25.- Photomicrographs of surfaces of specimen aviation- 
type piston rings. These photographs show the effect of 
about 12 hours running time on the lapped surfaces shown in 
figure 24. Magnification 25 X. 
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(a) Automotive type; surface 
une tched . 




(c) Aircraft type; surface 
une tched . 




(d) Aircraft type; surface 
etched . 



Figure 26-- Photomicrographs of surfaces of piston rings used in 
scuffing tests and run-in tests. Magnification 350 X. 



Figure 27.- Friction record taken during the run made to check 
reproducibility of the apparatus. Compare with Figure 14t)). 
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Figure 28.- Calibration curve for sleeve-diaphragm system Ho. 1 
used in scuffing tests. 




Figure 29.- Calibration curves for sleeve-diaphragm system No* 2 
used in run-in teste. 
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Figure 32.^ Friction work loops for the film record shovm in 
Figure 1"^ 



